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A NEW TEST PREPARATION FOR BIO-ASSAY OF FACTOR I 
AND GAMMA-AMINOBUTYRIC ACID 


By E. FLOREY 


From the Department of Zoology, University of Washington, 
Seattle 5, Washington, U.S.A. 


ERRATUM 


Granit, R. & Rutvepes, L. T. ( 1960). J. Physiol. 154, 288-307 


p- 301, 1. 9: 
for ‘which therefore is contaminated’. 


read ‘which therefore is less contaminated , 


can be seen as a straight tube which runs along the mid line towards the last abdominal 
segment. The whole length of the abdominal intestine should be excised. It is advisable 
gently to empty it of its contents with the aid of a blunt instrument and to flush the lumen 
with saline medium. The organ should be mounted in a long and narrow muscle chamber. 
The later performance of the preparation is greatly improved if the gut is filled and slightly 
distended with saline medium before the second ligature is tied. The proximal end of the 
gut is then connected to a well balanced light lever so as to give a tenfold magnification of 
the contractions. The movements of the intestine are recorded on the smoked drum of a 
slow-moving kymograph. Only glossy kymograph paper should be used, in order to offer 
minimal frictional resistance to the writing stylus. 

A saline medium of the following composition has been Sieeail suitable (g): NaCl 12-0, 
KCl 0-4, CaCl, (anhydrous) 1-5, MgCl,.6H,O 0-5, H,O to 1000 ml. No buffer is needed, 


| but the muscle bath should be aerated with a constant stream of fine air bubbles to achieve 


oxygenation and rapid mixing of the bathing media. Organ and solutions are held at room 

temperature. 

Before application of test samples, these howe to be freed from all traces of organic solvents 

and any acid or base must be neutralized. Although it is advisable to make the samples 

isotonic with the saline medium used, by adding 1/9 volume of 10 times concentrated saline 

stock solution (K-free where necessary), this is not very important because the samples are 
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A NEW TEST PREPARATION FOR BIO-ASSAY OF FACTOR I 
AND GAMMA-AMINOBUTYRIC ACID 


By E. FLOREY 


From the Department of Zoology, University of Washington, 
Seattle 5, Washington, U.S.A. 


(Received 15 July 1960) 


During our recent attempts to characterize ‘inhibitory’ agents (Fac- 


_ tor I) in crustacean nerve extracts, we have found that the responses 


of the isolated hind gut of crayfish can be successfully used for bio-assay 
of inhibitory actions of nerve extracts, eluates of chromatograms and drugs. 
Although some pharmacological characteristics of the crayfish intestine 
have already been described (Florey, 1954a, b) it appears now worth while - 
to report on the technique of using the isolated intestine preparation for 
the bio-assay of Factor I activity, and on some newly discovered pharma- 
cological properties. The new method is simpler and more sensitive than 
that using crayfish stretch receptors. 


METHODS 


Three species of crayfish have proved equally useful. These were Procambarus clarkii, ’ 
Orconectes virilis and Pacifastacus leniusculus. The animals should have a minimum body 
length of 4 in, (l0em). After the dorsal half shell of the abdomen is removed, the hind gut 
can be seen as a straight tube which runs along the mid line towards the last abdominal 
segment. The whole length of the abdominal intestine should be excised. It is advisable 
gently to empty it of its contents with the aid of a blunt instrument and to flush the lumen 
with saline medium. The organ should be mounted in a long and narrow muscle chamber. 
The later performance of the preparation is greatly improved if the gut is filled and slightly 
distended with saline medium before the second ligature is tied. The proximal end of the 


_ gut is then connected to a well balanced light lever so as to give a tenfold magnification of 


the contractions. The movements of the intestine are recorded on the smoked drum of a 
slow-moving kymograph. Only glossy kymograph paper should be used, in order to offer 
minimal frictional resistance to the writing stylus. 

- A saline medium of the following composition has. been found suitable (g): NaCl 12-0, 
KCl 0-4, CaCl, (anhydrous) 1-5, MgCl,.6H,O 0-5, H,O to 1000 ml. No buffer is needed, 
but the muscle bath should be aerated with a constant stream of fine air bubbles to achieve 
oxygenation and rapid mixing of the bathing media. Organ and solutions are held at room 
temperature. 

Before application of test samples, these have to be freed from all traces of organic solvents 
and any acid or base must be neutralized. Although it is advisable to make the samples 
isotonic with the saline medium used, by adding 1/9 volume of 10 times concentrated saline 
stock solution (K-free where necessary), this is not very important because the samples are 
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usually so greatly diluted in the bath that the change in the osmotic concentration of the 
bathing medium does not exceed 10%. 

Before the addition of samples to the bath the volume of the latter is reduced to 9/10 of 
‘the standard level. An amount of the sample is then added to bring the bath up to the 
original level. In our tests we use a total bath volume of 2 ml., the sample volumes added 
are therefore 0-2 ml. 

Before the test proper one has to find a concentration of acetylcholine which will cause 
a marked but submaximal increase in ‘spontaneous’ contractions and a definite rise of 
the base line. A concentration of acetylcholine at 10-’ g/ml. bathing medium was found 
' adequate in most tests. 


The test for inhibitory action of samples consists in the application of suitable concentra- 
tions of a test sample and subsequent addition of acetylcholine. Reduction of spontaneous 
contractions and depression of the response to acetylcholine are criteria for inhibitory 
actions. 

| RESULTS 
The actions of Factor I, amino acids and picrotoxin 

Factor I has originally been defined as that agent in nerve extracts 
which is responsible for inhibition of impulse generation in the slow- 
adapting neurone of the abdominal stretch receptor organs of crayfish 
(Florey, 1954a). It has later been shown that several substances occurring 
in nerve tissue can inhibit the stretch receptor neurone. Some of these 
are known: beta-alanine, guanido-acetic acid, gamma-aminobutyric acid, 
beta-hydroxy-gamma-aminobutyric acid, gamma-guanidinobutyric acid 
and gamma-aminobutyro-choline (Bazemore, Elliott & Florey, 1957; 
McLennan, 1959). Other components of Factor I preparations which have 
inhibitory activity on the stretch receptors are still unknown. One of them 
is referred to by McLennan as Fraction A of Factor I. A similar compound 
has been chromatographically isolated from crustacean nerve tissue by 


Florey & Chapman (1961) who refer to it as Substance I (Florey, 1960). | 


Fraction A and Substance I[ seem to be identical. 

Extracts of vertebrate and crustacean nerve tissue which have inhibi- 
tory actions on ‘crayfish stretch receptors depress the spontaneous activity 
of the isolated crayfish intestine and block the stimulatory action of acety]- 
choline on this organ. The sensitivity of the intestine to inhibitory agents 
is greater than that ofthe stretch receptors, but it can be shown that the 
inhibitory substances which are effective on the two organs are the same. 

Aqueous extracts of brains of rats, rabbits and cattle were found to 
depress spontaneous and acetylcholine-induced contractions of the cray- 
fish intestine in concentrations up to five times lower than those which 
show liminal effectiveness on the stretch-receptor preparation. Aqueous 
and methanol extracts of lobster (Homarus americanus) and crab (Cancer 
magister) nerves were found to be 20—25 times as active if tested on the 
intestine, compared to their action on stretch receptors. By means of 
paper chromatography (see Florey & Chapman, 1961) it could be demon- 
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strated that the compounds which inhibit the stretch receptors are the 
same as those which inhibit the intestine of the crayfish. This is true for 
components of extracts from nerve tissue of both crabs and mammals. 
It is difficult to express the activities of the inhibitory components in 
terms of absolute concentrations of the compounds, since their nature and 
amount in nerve tissue has not been established (with the exception of 
certain amino acids which will be dealt with below). It can, however, be 
stated that the lowest effective concentrations of extracts of mammalian 
brain (rat, rabbit, cattle) are 10-25 mg fresh tissue/ml. for stretch recep- 
tors and 5-10 mg/ml. for isolated intestines. For extracts of crab nerve | 
extracts (Cancer magister) the concentrations are 10—25.and 0-5-1 mg/ml. 
respectively. Details of the experiments involving paper chromatography 
will be published later. 

Gamma-aminobutyric acid was found to inhibit spontaneous and acety!- 
choline-induced contractions of the crayfish intestine in liminal concentra- 
tions of 2x 10-* g/ml. Inhibitory actions are produced by a number of 
other compounds of similar chemical nature. These substances and their 
liminal concentrations (g/ml.) are: guanido-acetic acid 10-*; glutamic 
acid, 5x 10-5; monosodium glutamate, 5x 10-°; beta-hydroxy-gamma- 
aminobutyric acid, 2 x 10-°; gamma-aminobutyrylcholine, 5 x 10°; beta- | 
alanine, 10-*;. aspartic acid, 2 x 10-°; taurine 10~. . 

The following compounds were found to have no detectable action in 
concentrations as high as 10-*g/ml.; gamma-guanidinobutyric acid; 
succinylcholine chloride; t-alanine; ‘pyroglutamic acid; acetylglutamic 
acid; DL-methylglutamic acid; L-histidine; acetylhistidine; pDL-phenyl- 
alanine; L-leucine; DL-acetylleucine; 
tyrosine; L-cysteine; s-carbamyl-1l-cystein; DL-proline; DL-acetylproline ; 
creatine; creatinine; L-tryptophan; cadavarine HCl; canavanine sulphate ; 
sarcosine; carnitine HCl and carnosine. 

The following compounds were found to have a stimulatory action, 
causing an increase in strength and frequency of the contractions at the 
following liminal concentrations (g/ml.): acetylcholine, 10-*; acetyl-beta- 
methylcholine, 2 x 10-*; butyrylcholine, 2 x 10~°; adrenaline, 10-*; nor- 
adrenaline, 10-*; 5-hydroxytryptamine, 2x 10-°; picrotoxin, 5x 10-°. 
Atropin in a concentration of 5 x 10-®-5 x 10~’ g/ml. is an effective block- 
ing agent for acetylcholine, acety]-beta-methylcholine and butyrylcholine. 
It does not interfere with the action of the other excitatory compounds. 
Picrotoxin in concentrations from 10~° to 10-* g/ml. effectively reduces 
or blocks the action of all inhibitory compounds mentioned, including the 
chromatographically isolated inhibitory components of nerve extracts. 
It does not interfere with the action of the excitatory compounds men- 


tioned. In somewhat higher concentrations, such as 5x 10-* g/ml., 
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picrotoxin has a slight stimulatory action. Atropin if applied in higher 
concentrations, such as 10-* g/ml., depresses the spontaneous activity of 
the intestine. Representative responses of the isolated crayfish intestine 
to nerve extracts and drugs are shown in Fig. 1. 


Fig. 1. Responses of an isolated intestine of Pacifastacus leniusculus to applied 
drugs and nerve extract (N). A: interaction of gamma-aminobutyric acid (GABA) 
and acetylcholine (ACh); note the graded response. B: onset of the action of picro- 
toxin which is maintained at a concentration of 10-°g/ml; note that GABA even in 
high concentration is unable to prevent the action of ACh; the inhibitory action of 
a nerve extract (N) is partially blocked. C: after 15 min washing the inhibitory 
actions of GABA and N are restored. The record A was obtained from a different 
_ organ from those of B and C. The arrows indicate washing. In B the washing solu- 
tion contained picrotoxin. 


The'method of bio-assay 

The isolated crayfish intestine can be used for bio-assay of Factor | 
activity in the following manner: after a concentration of acetylcholine 
has been found which causes marked but submaximal contractions, 1/10 
volume of the unknown sample is added to 9/10 volume of the bath. Thirty 
seconds later 1/10 volume of fluid is removed from the bath and 1/10 
volume of the appropriate acetylcholine solution is added. One minute 
later the bath is emptied and the preparation is washed twice with pure 
saline medium. After an interval of 2 min the volume of the bath is 
reduced to the 9/10 level and 1/10 volume of the acetylcholine solution, 
as used before, is added. After 1 min this is followed by a double washing. 
Two minutes later another dilution of the same unknown can be applied, 
to be followed 30 sec later by addition of acetylcholine as described above. 
Inhibitory action is characterized by the depression of spontaneous 
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contractions and depression of the acetylcholine action. The inhibitory 
activity of an unknown sample can be standardized against known 
concentrations of gamma-aminobutyric acid. For this purpose it is neces- 
sary to find a concentration of gamma-aminobutyric acid which will 


_ reduce the action of acetylcholine by an amount equal to that achieved 


with a certain concentration of the unknown. The most economic way to 
do this is first to find the lowest concentration of the unknown which 
will still definitely depress the acetylcholine action and then to find a 
dilution of gamma-aminobutyric acid which will match the effect of the 
unknown. Once such a concentration of gamma-aminobutyric acid is 
found, the unknown should be applied once more to make certain that 
the level of sensitivity of the test organ has remained the same. 
Differences in inhibitory activity of plus or minus 20% are readily 
detectable with this test. The inhibitory activity can be expressed in 
terms of wg gamma-aminobutyric acid/g fresh nerve tissue. For instance, 
if an extract diluted to 1:1000 (original nerve tissue 1 mg/l ml. bath) 
causes an inhibition comparable to that produced by the application of 
10 pg of gamma-aminobutyric acid/ml., 1 g of the original nerve tissue 
from which the extract was prepared must have contained (at least) as 
much inhibitory activity as 1000 x 10 yg of gamma-aminobutyric acid. 
At the end of the assay procedure picrotoxin should be added to the 
saline medium in the bath, to give a final concentration of 2 x 10-° g/ml. 
After the picrotoxin solution has been in contact with the preparation for 
10 min, gamma-aminobutyric acid and unknowns are applied once more 
to ascertain the Factor I nature of the unknown. Gamma-aminobutyric 
acid serves as a control. Both inhibitory actions should be prevented or 


greatly reduced by the presence of picrotoxin in the bath. The effects of 


acetylcholine-blocking agents such as — are not changed by 
picrotoxin. 
DISCUSSION 

Although the bio-assay for Factor I activity by means of the sini 
stretch receptor preparation, as described by Elliott & Florey (1957) 
and Florey & Elliott (1961), is more precise, the new bio-assay method has 
the advantage of greater sensitivity and simplicity. Not only is the 
dissection the easiest possible, but the equipment needed for the tests 
is more readily available and the assay can be carried out by persons who 
are not familiar with electronic apparatus. 

The physiology of the test organ is, unfortunately, little understood. 
The intestine is innervated by two large lateral. nerve strands, which 
originate in the sixth abdominal ganglion. The nerves usually remain 
attached to the intestine when this is removed from the animal. The 
responses of the intestine are, however, not altered if they are dissected 
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off. Alexandrowicz (1909) has shown that there are numerous nerve cells 
within the wall of the intestine. We know that stimulation of the lateral 
nerves induces a contraction and peristaltic wave, but it is uncertain 
whether this action is a direct one on the muscle or whether it is mediated 
by the nerve cells. It is likely that the action of acetylcholine is through 
stimulation of the nervous elements of the intestine, for the following | 
reasons: The musculature of the intestine is of the striated type and none 

of the muscles of the crayfish responds to acetylcholine. Crustacean nerve | 
cells are stimulated by acetylcholine and 5-hydroxytryptamine (Wiersma, 
Furshpan & Florey, 1953; Florey, 1954c). Adrenaline and noradrenaline 
stimulate the intestine. Atropine blocks the action of acetylcholine but not 
that of adrenaline or noradrenaline. Factor I and gamma-aminobutyric 
acid, on the other hand, block the actions both of acetylcholine and of | 
adrenaline and noradrenaline. This means that during atropine action the 
intestinal musculature is still excitable (by adrenergic agents), while 
during Factor I action it is not. One could thus conclude that acetylcholine: 
activates non-cholinergic nerve cells which are responsible for the ‘spon- 
taneous’ activity of the intestinal musculature, and that Factor I as well | 
as gamma-aminobutyric acid acts at the neuromuscular junctions and— 
quite likely—on the nerve cells as well. Since Factor I and gamma- — 
aminobutyric acid prevent the excitatory action of adrenaline and nor- : 
adrenaline, it is very unlikely that their mechanism of action consists in 
(competitive) inhibition of cholinoceptive receptor molecules. 

The relative insensitivity of the intestine towards common amino 
acids which tend to obscure bio-assays using the crayfish stretch receptor 
preparation is of great advantage to those interested in the chemical 
isolation and identification of ‘inhibitory’ substances. The extraordinary 
inhibitory action of crustacean nerve extracts, as described in the pre- 
ceding section, points once more to the fact that gamma-aminobutyric 
acid is not likely to be the transmitter substance (see Florey, 1960; 

_ Florey & Biederman, 1960; Florey & Chapman, 1961). 


SUMMARY | 

1. The spontaneous contractions of the isolated hind gut of crayfish 
are greatly enhanced by acetylcholine and depressed by certain inhibitory — 
substances that can be isolated from mammalian and crustacean nerve 
extracts. 

2. The agents responsible for the inbibitony actions are identical with 
those which inhibit impulse generation in the crayfish stretch receptor 
preparation. The crayfish gut can, therefore, be used to detect compounds 
with Factor I activity. It is very much more sensitive than the stretch 
receptor. 
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3. Substances with Factor I activity (in order of decreasing activity) 
are gamma-aminobutyric acid, guanido-acetic acid, beta-hydroxy-gamma- 
aminobutyric acid, aspartic acid, glutamic acid, monosodium glutamate, 
gamma-aminobutyrylcholine, beta-alanine and taurine. All these block 
spontaneous contractions and the action, of acetylcholine. The inhibitory 
action of these compounds is prevented by picrotoxin. | 

4. Compounds are listed which are excitatory and others which are 
without effect on the crayfish gut. 

5. Crustacean nerve extracts contain inhibitory material which appears 
to be very much more inhibitory than gamma-aminobutyric acid. 

6. A method of bio-assay is described which permits quantitative 
evaluation of Factor I activity using the action of known concentrations of 
gamma-aminobutyric acid as standards. : 

I am grateful to the Daiichi Pharmaceutical Company, Tokyo, for a gift of itn: 
aminobutyrylcholine. I wish to thank Mrs Grace Y. Chapman for her excellent technical 
assistance. This study was supported by grant B-1451 from the National Institutes of 


Health, United States Public Health Service, and a grant from the Initiative 171 fund, of 
the University of Washington. 
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TRANSPORT OF GLUCOSE ACROSS BLOOD-AQUEOUS 
BARRIERS AS AFFECTED BY INSULIN 


By V. E. KINSEY axnp D.V.N. REDDY _ 
From the Kresge Eye Institute, Detroit, Michigan, U.S.A. 


(Received 8 August 1960) 


~ Knowledge of the mode of transport of glucose from plasma to intra- 
ocular fluids and its possible dependence upon the action of insulin is 
important both to an understanding of the normal physiology of intra- 
ocular fluids and to the pathogenesis of cataract, which is thought to be 
associated with diabetes. The idea that insulin plays some role in glucose 
transport across cell membranes stems in part from experiments of Ross 
(1952), in which he determined the permeability coefficient for glucose 


transport across the ‘blood—aqueous barrier’ from its rate of accumulation . 


in the anterior chamber of rabbit eyes. He reported that this coefficient 
was reduced. by about 50% in rabbits in the hyperglycaemic phase of 
alloxan diabetes, increased approximately fourfold in animals that were 
in the hypoglycaemic phase of the disease, and increased threefold in 
animals given exogenous insulin. These results have been interpreted to 
mean that insulin increases the rate of transfer of glucose and other 
sugars through the blood—aqueous barrier of the ciliary body (Stadie, 1954). 

The rate of accumulation of a substance in the anterior chamber is 
dependent not only on its concentration in plasma but also on that in the 
aqueous of the posterior chamber (Kinsey & Palm, 1955). In calculating 
permeability coefficients, only the concentration of glucose in the plasma 
was considered by Ross. Since the concentration in the posterior chamber 
not only differs from that in plasma but varies with time after injection, 
the meaning of the coefficients of transport for the anterior chamber, as 
calculated by Ross, is not readily interpretable. More pertinently, how- 
ever, because of the dual source of entry of all constituents of the anterior 
chamber it is not possible, from anterior chamber data alone, to determine 
accurately the effect of any variable on the permeability of either the iris 
or ciliary processes. Therefore, more specifically, only limited conclusions 
can be drawn about the effect of insulin on the permeability to glucose 
of the barrier separating plasma from anterior chamber, and even more 
limited conclusions can be drawn concerning the effect this hormone might 
have on the permeability of the ciliary processes, without knowledge of 
the rate of accumulation of glucose in the posterior chamber. 
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The development of a method (Kinsey, 1953) for withdrawing aqueous 
humour from the posterior chamber in sufficient quantities to perform 


accurate chemical analyses and the availability of data concerning the 


rate of flow of aqueous now make it possible to determine the pro- 
portionate amount of a substance which flows and that which diffuses 
into the anterior chamber (Kinsey & Palm, 1955). Moreover, the ability 
to determine the concentration of a substance in the posterior chamber 
at any time following parenteral administration also permits the direct 
evaluation of the effect of a variable on transport rates into the posterior 
chamber and thus the effect, if any, on the permeability of the ciliary 
processes. 

This paper is concerned with the results of an investigation of the rates 
of penetration of !C-labelled glucose into both ocular chambers in normal 
and diabetic rabbits and in rabbits given exogenous insulin. The mechanism 
by which glucose gains entry to the posterior and anterior chambers of 
normal rabbits will be discussed in a later paper. 


METHODS 


Twenty microcuries of D-glucose uniformly labelled with *C were given to unanaesthetized 
albino rabbits (1-8—2-2 kg), 30% of the dose being given intravenously and the remainder 
intraperitonéally. Blood and aqueous samples were withdrawn by techniques previously 
described (Kinsey, 1953) and plated on flat copper planchetets to which 25 yl. of 0-1 N-HCl 
were added to remove any bicarbonate which might have become labelled. Radioactivity 
was determined with a thin-window flow-gas detector. Appropriate corrections were applied 
for self-absorption. 

Rabbits were made diabetic by giving single intravenous injections of alloxan (200 mg/kg) 
and separated into two groups. Four rabbits were studied within the first 48 hr after 
injection, at which time they were in the hypoglycaemic stage of the disease, and fifteen 
after hyperglycaemia had become established. Some of these rabbits were studied 5 days 
after the injection, at which time the plasma and in a few instances the aqueous humour 
were lipaemic. Other animals were given daily injections of 1-2 u. of insulin from the fourth 
to the eleventh day after injection of alloxan and studied 4-6 weeks later. The blood-sugar 
levels of all the animals with established diabetes ranged from 300 to 700 mg/100 ml. 

In the experiments concerned with the effect of administration of exogenous insulin, each 
rabbit was given 2u. of soluble insulin (Iletin, Eli Lilly) intravenously 60 min before 
administration of {C-labelled glucose. The insulin reduced the blood-sugar level in these 
animals to 25-80 mg/100 ml. : 

To make certain that all the measured radioactivity came from glucose rather than from 
some metabolic break-down product, samples of aqueous humour and plasma were taken at 
intervals up to 30 min after injection of the labelled glucose and subjected to paper chroma- 


tography. Phenylhydrazine derivatives of glucose were also prepared from plasma, and the 


specific activity of the glucose determined. Both these procedures showed that almost all 
the radioactivity came from glucose. ; 

Some experiments were performed under conditions essentially identical with those 
employed by Ross, using non-labelled glucose and an anaesthetic (pentobarbitone). In 
these experiments glucose was given intravenously (solution 10 g/100 ml., 3 ml./kg) and 
intraperitoneally (20 ml./kg of a solution of 5 g/100 ml. for normal and of a solution of 
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7-5 g/100 ml. for animals which received exogenous insulin). This mode of administration 
kept the plasma glucose at a reasonably constant level over the period of the experiment. 
Glucose was estimated with glucose oxidase (Huggett & Nixon, 1957) on barium hydroxide- 
zine sulphate filtrates. 

The absolute level of radioactivity found in the blood of different rabbits varied. To permit 
comparison of the results between animals the concentration per unit volume of each of 
three plasma samples was plotted as a function of time. The level which most nearly 
represented the average concentration during the whole period of time was then set equal 
to 100, and all other plasma and aqueous concentrations from the same animal were scaled 
accordingly as a percentage of this value. These percentages are referred to as ‘relative units’. 

In experiments in which blood sugar was elevated by injection of non-radioactive glucose, 
the initial concentration of glucose was determined in plasma and aqueous samples. Because 
the driving force is the difference in concentration between plasma and aqueous rather than 
the absolute magnitude of the concentration, the initial concentration in the aqueous humour 
was then subtracted from the average of that found in the plasma following infusion. The 
resulting value was used to determine, on a percentage basis, the increment of concentration 
in the aqueous found after infusion. Thus, for example, 


the percentage increase in the posterior aqueous = a x 100, 
‘ 
and that in the anterior aqueous = x 100, 


—C 
aty 
where Cy, = concentration in the posterior chamber in a contralateral eye at the time 
: when the sample was withdrawn ; 


_ Cy, = concentration in posterior chamber at zero time in one eye; 


average plasma concentration following elevation of blood sugar level by 
parenteral injection ; 


concentration in the anterior chamber in the contralateral eye at the time 
when the sample was withdrawn; and 


Il 


C.., = concentration in anterior chamber at zero time in one eye. 


RESULTS 


The concentrations of labelled glucose in the plasma and aqueous humour 
of the posterior and anterior chambers of untreated rabbits at various 
times after injection are shown in Fig. 1. The lines are visual fits to the 
data. Each cross and open circle represents concentration in the aqueous 
humour of one posterior and one anterior chamber, respectively. Each 
filled circle shows the concentration in the plasma. Analogous results for 
diabetic animals in the hyperglycaemic phase of the disease and for 
animals which were given insulin 1 hr before injection of C-labelled 
glucose are shown in Figs. 2 and 3. A comparison of the data in the three 
figures shows that the rate of accumulation of glucose in the aqueous of 
the posterior chamber is substantially the same under all conditions. 

The rate of accumulation of glucose in the anterior chamber appears 
to be slightly lower in diabetic rabbits and slightly higher in rabbits given 
exogenous insulin than in normal animals. However, considering variations 
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in the rate of accumulation &om one animal to another, differences are - 
of doubtful significance, and in no case do they correspond in magnitude 


to those reported by Ross. 
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Fig. 1. Relative concentration of ‘C-labelled glucose in plasma and aqueous of 
anterior and posterior chambers in normal rabbits following parenteral admini- 


stration. 


Figure 4 shows the results of observations made on eight eyes of rabbits 
which were in the hypoglycaemic phase of diabetes. The line through the 
data representing plasma is drawn as a good visual fit ; the lines representing 
aqueous humour are duplicates of those for untreated rabbits, as shown 
in Fig. 1. It is evident that the data obtained on aqueous samples taken 
from animals in the hypoglycaemic phase of diabetes are well represented 
by curves showing the average analogous data from normal rabbits. 

Two sets of experiments were performed to test whether the disparity 


between the results in the present investigation and those of Ross might 
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be due to differences in experimental technique employed. First, Ross’s 
procedure was adopted and the rate of accumulation of glucose in both 
normal animals and those injected with insulin was determined in anaes- 
thetized rabbits with unlabelled sugar. Secondly, the rate of accumulation 
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Fig. 2. Relative concentration of C-labelled glucose in plasma and aqueous 


of anterior and posterior chambers in diabetic rabbits following parenteral 
administration. 


of glucose was determined by means of the tracer technique in rabbits in 
which the blood sugar was first elevated 250-300 mg/100 ml. by parenteral 
administration of glucose to determine whether the high level of glucose 
in the blood affected the permeability per se. Results obtained for the 
posterior chamber for both sets of experiments are shown in Fig. 5, and 
those for the anterior chamber in Fig. 6. Again the lines are taken from 
Fig. 1. 

The results obtained by infusion of unlabelled glucose in normal and 
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insulin-treated animals, as well as in those with the tracer technique in 
rabbits whose blood sugar was elevated before giving “C-labelled glucose, 
are all essentially the same as those obtained when the tracer technique 
was employed to study normal animals. 
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Fig. 3. Relative concentration of !4C-labelled glucose in plasma and aqueous of 


anterior and posterior chambers in normal rabbits given insulin following paren- 
teral administration. 


DISCUSSION 


While the principal purpose of this investigation was to study the effect 
of insulin on glucose transport into the intraocular chambers, which effect _ 
was found to be negligible; it is nevertheless interesting to observe that 
the absolute rate at which glucose enters the posterior chamber is extremely 
rapid. By means of mathematical methods of treating the data described 
elsewhere (Kinsey & Reddy, 1959), the turnover rate can be shown to be 
approximately 25 °//min, a rate appreciably above that of several other 
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substances: Na 9%, Cl, 21% (Kinsey & Reddy, 1959), urea 9-6 % (Kinsey, 
Reddy & Skrentny, 1960) and ascorbate 10% (Becker, 1959). Of the 
substances studied thus far, the turnover rate of glucose is exceeded only 
by that of bicarbonate. However, this substance is thought to enter not 


as an ion but as free carbon dioxide (Kinsey & Reddy, 1959). From the . 
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Fig. 4. Relative concentration of C-labelled glucose in plasma and aqueous of 
anterior and posterior chambers in alloxan-injected animals in the hypoglycaemic 
phase of diabetes following parenteral administration. 


rapidity of entrance of glucose and the fact that the steady-state ratio is 
less than one, it may be inferred that most of the selec enters the posterior 
chamber by diffusion. 

The turnover rate of glucose in the anterior chamber is similar to that 
of Na, i.e. 2-6%/min. Assuming a flow rate of 1-3%/min, it follows that 
since the concentration of glucose in the aqueous of the posterior chamber 


is less than that in plasma, slightly over half the glucose must enter the 
anterior chamber by diffusion. 
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Concerning the possible effect of insulin on glucose transport into the 
anterior chamber, the authors are unable to explain the differences between 
the results reported in the present study and those of Ross. In any case 
there is no evidence that insulin acts on the ciliary process to affect trans- 
port of glucose into the posterior chamber. : 
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Fig. 5. Relative concentration of glucose with respect to plasma in the aqueous of 
posterior chamber; @, concentration of C-labelled glucose in normal animals 
after elevation of blood sugar level; @, concentration of glucose in normal animals, 

as determined chemically, following infusion of unlabelled sugar; x , concentration 
of glucose in insulin-injected animals, as determined chemically, following infusion 
of unlabelled sugar; the line is a duplicate of the one shown in Fig. 1. 
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Fig. 6. Relative concentration of glucose with respect to plasma in the aqueous of 

anterior chamber; @, concentration of “C-labelled glucose in normal animals 

after elevation of blood sugar level; @, concentration of glucose in normal animals, 

as determined chemically, following infusion of unlabelled sugar; x , concentration 

of glucose in insulin-injected animals, as determined chemically, following infusion 
of unlabelled sugar; the line is a duplicate of the one shown in Fig. 1. 
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SUMMARY 


1. The rate of accumulation of glucose in the aqueous humour of the 
posterior and anterior chambers was studied with C-labelled and unlabelled 
glucose in normal rabbits, in alloxan-diabetic rabbits in both the hypo- 
and hyperglycaemic phases of the disease and in animals given exogenous 

2. No significant difference was found in the rate of accumulation of 
glucose by either method of measurement in the posterior or anterior 
chamber of any of the groups of animals investigated. 

3. It is concluded, therefore, that insulin is without appreciable effect 
on either the permeability of the blood—aqueous barrier of the ciliary 
processes and iris or on any chemical reactions which might be associated 
with active transport of glucose into the posterior chamber. 


The authors wish to acknowledge the technical assistance given in performing the 
experiments reported in this paper by B. A. Skrentny and A. T. DeMeglio. 
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THE INHIBITORY ACTION OF THE SYMPATHETIC NERVES 
ON THE SMOOTH MUSCLE OF THE RABBIT GUT, ITS 
REVERSAL BY RESERPINE AND RESTORATION BY 
CATECHOL AMINES AND BY DOPA 


By J. 8. GILLESPIE AND B. R. MACKENNA 
From the Department of Physiology, University of Glasgow 


(Received 15 August 1960) 


In a previous investigation (Gillespie & Mackenna, 1960) rabbits were 
given daily intravenous injections of reserpine for several days and the 
responses of an innervated preparation of the colon from these animals 
were studied in vitro, the entire parasympathetic and sympathetic outflows 
being available for separate stimulation. It was expected that reserpine, 
which is believed to deplete adrenergic nerve endings of their chemical 
transmitter sympathin, would abolish the inhibitory effect of sympathetic 
nerve stimulation; in fact, inhibition was consistently replaced by a large 
contraction. This finding was the starting point of the investigations 
reported in this paper. In addition it has been found that in preparations 
from reserpine-treated rabbits the inhibitory effect of sympathetic nerve 
stimulation can be restored by soaking in adrenaline or noradrenaline; 
the mechanism of this restoration has been studied. A preliminary account 
of these results has already been published (Gillespie & Mackenna, 1959). 


METHODS 


Rabbits of either sex were killed by a blow on the neck and bled. Two types of innervated 
intestinal preparations were used. First, the doubly innervated preparation of the rabbit 
colon in which the extrinsic sympathetic (lumbar colonic) and parasympathetic (pelvic) 
nerves can be separately stimulated, by means of fluid electrodes. The dissection of this 
preparation and the details of the electrodes have been described (Garry & Gillespie, 1955). 
The second type of preparation consisted of a length of about 4 cm of mid ileum togéther 
with the mesentery and mesenteric artery supplying the region. The artery, plus some 
adjacent mesentery, was drawn into a fluid electrode and the periarterial nerves were 
stimulated. The preparations were suspended in a 200 ml. bath filled with Krebs’s saline 
solution at 36° C and oxygenated by a gas mixture of 95% O, and 5% CO,. The composition 
of the saline solution was (g/1.) NaCl 6-92, KCl 0-35, CaCl, 0-28, KH,PO, 0-16, NaHCO, 2-1, 
MgSO,.7H,O 0-29, glucose 2-0, The contractions of the preparations were recorded with a 
light isotonic gimbal lever exerting a tension of 0-5 g and writing sideways on a smoked 
drum, The nerves were stimulated with 1 msec rectangular pulses whose voltage was ad- 
justed to give maximal responses. The duration of stimulation was usually 15 sec and the 
frequency 10/sec for the pelvic nerve and 50/sec for the lumbar colonic nerves. Where other 
frequencies or durations of stimulation were used this is indicated. 
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In a number of rabbits, at a preliminary aseptic operation, the pelvic nerves were cut and 
allowed to degenerate for 14 days. A single mid-line skin incision over the sacrum and coccyx 
allowed access through the sciatic notch on each side to both pelvic nerves at their origin 
from the lumbosacral plexus, A Zeiss binocular dissecting microscope providing illumination 
along the optical axis was found to be of great assistance. Each pelvic nerve was tied before 
cutting and one end of the ligature was left long for later identification. A surface antibiotic, 
Polybactrin, was used on the various layers during closure of the wound. Mock operations 
were performed, identical in all respects with the single omission that the pelvic nerves 
after exposure were neither tied nor cut. Rabbits whose pelvic nerves were cut had difficulty 
in urinating, so that the bladder contents had to be expelled daily either by abdominal 
pressure or by catheterization. 3 


Reserpine (Serpasil; Ciba) was given by daily intravenous injections for 1-10 days, and — 


the animal was killed on the day following the last injection. The dose of reserpine varied 
according to the number of injections. The technique in most experiments was to give 
5 injections; 0-2 mg/kg daily for the first 3 days, then 1 mg/kg daily for the final 2 days. 
Rabbits treated with reserpine were kept in a warm room at 29° C. 

Several rabbits were given daily intravenous injections of appropriate volumes of the 
vehicle in which the reserpine was dissolved; these control solutions were provided by 
Messrs Ciba Ltd. The reserpine used for in vitro experiments was the dry powder dissolved 
in 10% ascorbic acid. Other drugs used in these experiments were acetylcholine chloride. 
hexamethonium bromide, atropine sulphate, 2:6 xylyl choline ether bromide (TM 10), 
ergotamine tartrate. Concentrations of these drugs refer to the salts, while concentrations 
of the following refer to the base: adrenaline hydrochloride, noradrenaline hydrochloride, 
dopamine, DOPA, t-tyrosine, and tolazoline (Priscol). 


RESULTS 
The action of reserpine in vivo 


The response of the innervated colon preparation from a normal rabbit 
to stimulation of its extrinsic nerves is shown in Fig. 1 A, and that of an 
innervated ileal preparation in Fig. 8. The periarterial nerves of the 
ileum and the sympathetic (lumbar colonic) nerves of the colon, when 
stimulated, cause inhibition whereas the parasympathetic (pelvic) nerves 
of the colon cause contraction. In preparations from rabbits injected with 
reserpine intravenously for 1-10 days previously, the response to sym- 
pathetic nerve stimulation is converted to contraction in both the colon 
and the ileum (Fig. 1B and (); the response of the colon to stimulation of 
the pelvic nerve is unaltered (Fig. 1 B). The motor response to sympathetic 
nerve stimulation after reserpine never exceeds the contraction produced 
by pelvic nerve stimulation. It is not due to an altered response of the 


smooth muscle to the normal transmitter, since the response to nor-— 


adrenaline and to adrenaline added to the bath remains inhibitory. In 
the colon there is a remarkable resemblance between the motor sympathetic 
response after reserpine and the pelvic response. This is not due to an escape 
of current from the stimulating electrodes on the sympathetic nerves to 
the pelvic parasympathetic fibres in the other electrode. Thus, ligation of 
the sympathetic nerves 1-2 mm distal to the fluid electrode abolishes the 
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sympathetic motor response without altering the contraction due to 
pelvic nerve stimulation, and the response can be obtained in preparations 
in which the pelvic nerves aré not retained. 


Fig. 1A. The response of the colon from a normal rabbit to stimulation of the 
parasympathetic and sympathetic nerves. B and C, the response of the colon and of 
the ileum, respectively, from an animal treated with reserpine to stimulation of 
the parasympathetic (P) and sympathetic (S) nerves. After reserpine the response 
to sympathetic nerve stimulation is contraction. Time marker, B and C, 30 sec. 


Effect of hexamethonium (C,). This motor response to sympathetic nerve 
stimulation in an animal previously treated with reserpine is abolished 
by C, in concentrations similar to those required to block the response to 
stimulation of the preganglionic pelvic fibres. Furthermore, the rate of 
onset, the final degree of block, and the rate of recovery on washing are 
similar for both responses. An example of this blocking action of C, is 
shown in Fig. 2. | 

Effect of atropine. Atropine sulphate abolished the motor response to 


sympathetic nerve stimulation in concentrations similar to those required 
2-2 
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to abolish the motor response to stimulation of the pelvic nerve. This is 
illustrated in Fig. 3. As with C,, the rate of onset and degree of block were 
similar for the two responses. 

Effect of frequency. From the effect of C, and atropine it seemed that 
the motor sympathetic response was due to stimulation of preganglionic 


Fig. 2. Action of hexamethonium bromide on the motor response of the rabbit — 
colon to sympathetic nerve stimulation; rabbit previously treated with reserpine. 
The motor responses to parasympathetic (P) and to sympathetic (8S) nerve stimula- 
tion shown in A are blocked in B after hexamethonium bromide 2 x 10-4. In this 
and in all subsequent figures, time marker, 30 sec. 


cholinergic fibres similar to those in the pelvic nerve. The parasympathetic 
nature of these fibres in the sympathetic pathway was further suggested 
by the finding that the frequency sensitivity was similar to that of the 
fibres in the pelvic nerve and unlike that of the sympathetic inhibitory 
fibres. It is known from previous work that the threshold frequency for the 
parasympathetic response from the colon is less than 1/sec, and maximum 
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responses are produced at about 10/sec; the threshold frequency for the 
normal sympathetic inhibitory response is > 2/sec and the maximum 
response is not reached until about 50/sec (Garry & Gillespie, 1955). The 
motor response to sympathetic nerve stimulation after reserpine has a 
frequency sensitivity similar to that of the normal parasympathetic fibres, 
i.e. its maximum is reached at 10/sec. and its threshold is below 2-5/sec 
(Fig. 4). 


Atr Atr 

10-4 2x 10-4 
Fig. 3. Action of atropine on the sympathetic motor response of the colon from 
a rabbit previously treated with reserpine. Responses to stimulation of the 
sympathetic (S) and parasympathetic (P) nerves in A are partially blocked by 
atropine 10-4 in B and completely blocked by atropine 2 x 10~‘ in C. 


Origin of the motor fibres. The simplest explanation of the results.so far 
described is that there are some few parasympathetic nerve fibres in the 
sympathetic nerves which we were stimulating. The effect of stimulating 
these parasympathetic fibres is normally masked by the much greater 
number of sympathetic inhibitory fibres. After inactivation of the sym- 
pathetic fibres by reserpine the motor effect is uncovered. In the peri- 
arterial nerves of the ileal preparation this is a likely explanation. Vagal 
fibres run in the mesentery and stimulation of the periarterial nerves can, 
even without reserpine, sometimes produce motor effects (Finkleman, 
1930). The origin of the cholinergic fibres in the sympathetic nerves to the 


colon might be the pelvic nerves. To determine whether this is so, both 
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pelvic nerves were cut in a preliminary aseptic operation and allowed to 
degenerate for 14 days. In the last 5 days of this period the animal was 
given reserpine daily by intravenous injection. Innervated colon and ileal 
preparation were set up simultaneously in separate baths. The innervated 
ileal preparation served as a control and showed that reserpine had induced 
reversal of the normal sympathetic inhibitory response to contraction. In 


the colon preparation the cut peripheral ends of both pelvic nerves. 


together with adjacent mesentery were pulled into one electrode. Stimula- 
tion of this tissue demonstrated whether degeneration was complete. It 


50/sec 50/sec 10/sec 10/sec 5/sec S/sec 2:5/sec 2°5/sec 


50/sec 10/sec 5/sec 25/sec 50/sec 
Fig. 4. Preparations of colon (upper trace) and ileum (lower trace) from a rabbit 
treated previously with reserpine. Stimulation of the parasympathetic (P) and 
sympathetic (S) nerves with different frequencies of stimulation shows that the 
motor response to sympathetic nerve stimulation can still be elicited at frequencies 
as low as 2-5/sec. | 


was found to be difficult to destroy all the parasympathetic outflow. 
A similar difficulty was experienced previously with the lumbar outflow 
(Gillespie & Mackenna, 1960). 

The results of these experiments showed clearly that the motor response 
to sympathetic stimulation after administration of reserpine was depen- 
dent on an intact pelvic nerve pathway. When nerve degeneration was 
complete, as judged by the absencé of a response to stimulation of the 
peripheral end of the cut pelvic nerve, then the motor response to sym- 
pathetic nerve stimulation was also abolished. When there was a small 
residual contraction on stimulation of the pelvic nerve, then there was a 
similar small contraction on stimulating the sympathetic nerves. The 
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motor response to sympathetic nerve stimulation never exceeded the re- 
sponse to pelvic nerve stimulation so that the normal relationship between 
the two was preserved. 


Effect of pelvic nerve fatigue. If the motor response to sympathetic nerve _ 


- stimulation be dependent on pelvic (parasympathetic) fibres, then fatigue 


of the pelvic nerves as well as degeneration might reduce or abolish the 
sympathetic motor response after reserpine. Fatigue. was produced by 
stimulating the pelvic nerves continuously at a frequency of 50/sec for 
long periods. The results of one such experiment are shown in Fig. 5. 
When the pelvic nerve pathway is fatigued, as evidenced by the decline 
in the initial contraction, the motor response to sympathetic nerve stimu- 
lation is also abolished, and a small inhibitory effect may be unmasked. 


P 


Fig. 5. Effect of fatigue of the parasympathetic nerve on the sympathetic motor 
response of the colon in a rabbit previously treated with reserpine. A, motor 
response to both parasympathetic (P) and sympathetic (S) nerve stimulation. In 
B stimulation of the parasympathetic nerve is begun at P and maintained to the 
end. Interpolation of four short periods of sympathetic nerve stimulation demon- 
strates the reappearance of an inhibitory effect. On recovery from pelvic nerve 
fatigue the motor effect of sympathetic nerve stimulation is restored (C). 


Action of ergotamine, tolazoline and 2:6 xylyl choline ether bromide (TM 10). 
If the motor response to sympathetic nerve stimulation after reserpine 
were due to the presence of some motor fibres, then it should be possible 
in normal preparations to use other sympathetic blocking agents to con- 
vert the inhibition to contraction. Ergotamine was chosen because of the 
report by Hawkins & Paton (1958) that it blocked the inhibitory action of 
nicotine on the bronchial smooth muscle; tolazoline (Priscol), because of a_ 
report by Varagic (1956) that it successfully blocked the inhibitory 
response of the rabbit colon to sympathetic nerve stimulation ; and TM 10, 
because it blocks the inhibitory effect of sympathetic nerve stimulation 
on the small and large intestine (Bain & Fielden, 1956; Gillespie & Mac- 
kenna, 1960). 

None of these blocking agents converted the inhibitory response of the 
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colon to sympathetic nerve stimulation into a contraction. Of the three, 
only TM 10 produced a selective block of the sympathetic inhibitory effect. 
abolishing the inhibition from sympathetic nerve stimulation while leaving 
the motor effect of pelvic nerve stimulation unimpaired (Fig. 6). Neither 
ergotamine nor tolazoline proved to be satisfactory selective blocking 
agents for the present purpose. In the colon tolazoline in concentrations 
up to 10-5 commonly enhanced the inhibitory effect of sympathetic nerve © 
stimulation; higher concentrations reduced inhibition but at the same 
time reduced as effectively the motor response to pelvic nerve stimulation. 
Ergotamine tartrate had little effect on the responses to parasympathetic 


P S ACh Nor P S P S Nor ACh 

107 107 1077 107 
Fig. 6. Action of 2:6 xylyl choline ether bromide (TM 10) on the normal rabbit. 
colon. A, responses to parasympathetic (P) and to sympathetic (S) nerve stimula- 
tion, and to acetylcholine (ACh) and noradrenaline (Nor). B, 20 min, and C, 70 min; 
after adding TM 10 (10-5). C, sympathetic inhibition is abolished with only 
slight reduction in the parasympathetic motor response. D, response to Nor is 
enhanced; that to ACh unaltered. 


or to sympathetic stimulation. In the ileum both tolazoline and ergo- 
tamine tartrate enhanced the inhibitory effect of periarterial nerve stimu- 
lation if frequencies of 50/sec and above were used; at lower frequencies, 
however, either pure motor or biphasic responses could be obtained after 
the addition of one of these drugs. 

Restoration of inhibition by adrenaline or noradrenaline. At some point 
in each experiment on the colon or ileum from rabbits treated with 
reserpine, noradrenaline was added to the bath to show that the direct 
response of the smooth muscle to the adrenergic transmitter remained 
inhibitory. On occasions the concentration of noradrenaline was as high 
as 10-5. It was sometimes noted, after noradrenaline was washed out and - 
rhythmic activity and tone had returned to normal, that on stimulating 
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the sympathetic nerves their inhibitory effect was restored (Fig. 7). This 
restoration could not be demonstrated in every preparation; sometimes, 
although the motor response of the colon to sympathetic nerve stimulation 
was abolished after exposure to noradrenaline, there was no reappearance 
of inhibition. Adrenaline was as effective as noradrenaline in restoring 
the inhibitory effect. 


50/sec 10/sec 10/sec 50/sec 


Fig. 7. Preparations of the colon (upper trace) and ileum (lower trace) from a 
rabbit previously treated with reserpine. Panels A show initial motor responses 
to sympathetic (S) ard to parasympathetic (P) nerve stimulation. Between A 
and B noradrenaline (5 x 10-*) added for 15 min and then removed. B shows the 
restoration of the inhibitory effect of sympathetic nerve stimulation. In the 
ileum restoration of inhibition was apparent only at a stimulation frequency of 
50/sec. 
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The optimal concentration of noradrenaline for restoring the inhibitory 
response was investigated in the ileum. Four adjacent lengths of ileum, 
complete with mesenteric nerves, from an animal treated with reserpine, 
were suspended in separate baths and the motor responses of each to 
periarterial stimulation were demonstrated. The preparations were then 
exposed for a period of 30 min to noradrenaline in a concentration of either 
5x 10-7, 5x 10-8, 10-5, or 5x 10-5. The noradrenaline was then washed 


out and the responses to nerve stimulation were re-examined. Inhibition — 


now occurred with all four concentrations; it was greater after 5 x 10-6 
noradrenaline than after 5 x 10-7, but concentrations greater than 5 x 10-° 
were no more effective. The optimal time of exposure to noradrenaline 
was roughly determined in a similar way. Four adjacent lengths of ileum 
were exposed to a concentration of noradrenaline of 5x 10-* for either 
5, 15, 30, or 60 min. The inhibitory effect of nerve stimulation was restored 
in each. Inhibition was greater in the preparation soaked for 15 min than 
in that soaked for only 5 min, but exposure for longer than 15 min did 
not enhance the effect. 


The restored inhibitory effect of sympathetic nerve stimulation after - 


soaking in adrenaline or noradrenaline was easily fatigued. This was best 

seen if the nerves were stimulated continuously at a frequency. of 50/sec 
for 5 min. In a preparation of normal ileum sympathetic nerve stimulation 
causes complete inhibition which is maintained throughout the 5 min 
(Fig. 8, upper trace). Nevertheless, some decline in transmitter output 
probably does occur during such prolonged stimulation. This can be shown 
by comparing the responses to short test periods of stimulation before, 
and then at intervals after, the prolonged stimulation (Fig.8A). After 
the prolonged stimulation the inhibitory effect of brief test periods of 
stimulation is diminished and recovers relatively slowly. By contrast, in 
similar preparations of ileum from reserpine-treated rabbits in which 
inhibitory responses to sympathetic nerve stimulation had been restored 
by soaking in noradrenaline, the prolonged stimulation leads to rapid 
fatigue (Fig.8A and B). In panel A are shown repeatable responses to 
the short test stimuli. The preparation was then stimulated for 5 min at 
50/see (Fig. 8B). The inhibitory effect was short-lived, so that toward 
the end of the 5 min period there was no visible effect of nerve stimulation. 
Short test periods of stimulation following the end of the prolonged 
stimulation showed, however, that the fatigued nerves regained their 
inhibitory effect with a time course similar to that in the normal prepara- 
tion. From these experiments it seems that the re-incorporated catechol 
amine is not all immediately available for release. Fatigue can occur with 
loss of any visible effect of nerve stimulation at a time when the transmitter 
is still present in the nerve endings. 
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Action of noradrenaline precursors. If noradrenaline precursors such 
as dopamine, DOPA and L-tyrosine could also restore the inhibitory 
response, then it might be argued that the synthetic pathways for the 
sympathetic transmitter were still functioning, especially since DOPA 
and tyrosine have no inhibitory effect of their own. Secondly, such 
experiments might provide information that the nerve endings were 


Fig. 8. Upper trace is from a preparation of ileum from a normal animal showing 
responses to periarterial nerve stimulation at 50/sec for short periods and for 
5 min (between arrows). The inhibition is maintained throughout the 5 min 
period of stimulation. Lower traces, A and B, ileum preparation from a rabbit 
previously treated with reserpine. The inhibitory effect of periarterial nerve 
stimulation has been restored by soaking in noradrenaline but is readily fatigued 
during prolonged stimulation at 50/sec, recovering with rest. For details see text. 


depleted not only of the final transmitter but also of some or all of its 
precursors. 
Dopamine 10-* had by itself only a slight inhibitory action on the rabbit 
intestine. It could, however, restore the inhibitory effect of nerve stimula- 
tion at least as well as adrenaline or noradrenaline (Fig. 9). Dopa 10~° had 
itself no inhibitory effect on the colon, yet it also restored the inhibitory 
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effect of sympathetic nerve stimulation (Fig. 10). Tyrosine was difficult 
to use because of its poor solubility. In concentrations up to 10~° it was 
ineffective in restoring the inhibitory action of the sympathetic nerves in 
either the colon or the ileum. 3 


The action of reserpine in vitro 
In all the experiments described so far the reserpine was administered 
by daily intravenous injection for some days before the experiment. When 
reserpine was added to the bath fluid in which a preparation from a normal 


Fig. 9. Restoration of the inhibitory effect of sympathetic nerve stimulation (5) 
after soaking in dopamine. A, the responses of the rabbit colon to sympathetic (5) 
and to ‘parasympathetic (P) nerve stimulation; the animal had previously been 
treated with reserpine. Between A and B the preparation was soaked in dopamine 
10-* for 1-5 hr. After the dopamine was washed out the response to sympathetic 
nerve stimulation was inhibitory. : 


animal was suspended, the effects could be divided into two groups, early 
and late. Only the late effects showed any specificity for the adrenergic 
nerves and corresponded to the effects seen from in vivo administration. 
Almost immediately after adding reserpine to the bath fluid there was 
a gradual progressive loss of rhythmic activity and of tone. The rate of 
development was dependent on the concentration of reserpine. Accom- 
panying this loss of rhythmic activity the ability of the preparation to 
respond to pelvic or lumbar nerve stimulation, to acetylcholine or to 
noradrenaline, was abolished or greatly reduced. These are the early effects 
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_ of reserpine. They are non-specific and affect equally the responses to 


stimulation of either nervous outflow and to the appropriate transmitters. 
The effects are reversible, and on washing out the reserpine the inhibitory 
response to sympathetic nerve stimulation is restored. The effect of reserpine 
at this stage of its action is reminiscent of that produced by anoxia. 

If reserpine is left in the bath the late effects appear. After some time. 
usually 3-4 hr, the rhythmic activity begins again as intermittent groups 
of spike-like contractions. Coincident with this the motor response to 
stimulation of the pelvic nerve begins to improve and the first sign of a 


Fig. 10. Restoration of the sympathetic inhibitory effect in a colon from a 
reserpine-treated rabbit after soaking in DOPA. A, initial responses to stimulation 
of the parasympathetic (P) and sympathetic (S) nerves. Between A and B 
DOPA 10-5 left in contact for 1 hr. After washing, the response to sympathetic 
nerve stimulation is now inhibitory. 


specific effect on the sympathetic nerves appears—stimulation now causes 
contraction. In spite of the partial recovery of the pelvic nerve response 
the smooth muscle shows no improvement in its response to acetylcholine. 
If now the reserpine is removed by washing, the rhythmic activity and 
tone return almost to their previous level, the contraction to pelvic nerve 
stimulation improves still further, acetylcholine and noradrenaline regain 
their ability to cause contraction and inhibition, respectively, but the 
response to sympathetic nerve stimulation remains motor and does not 
return to inhibition. This conversion of the response to sympathetic 
stimulation from inhibitory to motor persists for the remainder of the 
experiment. These late effects correspond to the effects produced by 
giving reserpine intravenously. 

In these experiments solid reserpine was dissolved in 10% solution of 
ascorbic acid. Ascorbic acid left in contact with the preparation for 30 min 
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did not alter the response to stimulation of either pelvic or lumbar nerves 
or to noradrenaline or acetylcholine. The delayed action of the reserpine— 
ascorbic acid solution in vitro, so similar to the action of reserpine in vivo, 
was attributed to reserpine. The action of ascorbic acid alone, when left 
in contact with the preparation for several hours, was unfortunately not 
tested. Since then this experimental control has been done. In two out 
of three experiments on the colon the inhibitory response produced by 
sympathetic nerve stimulation was reversed to contraction and in three 
out of four experiments on the ileum the inhibitory response became 
biphasic after exposure to ascorbic acid alone. The concentration of 
ascorbic acid was 5 x 10-4 (1 ml. of 10 % solution added to a 200 ml. bath) 
and the time required for reversal about 4 hr. The reversal once established 
with ascorbic acid was as stable as with the reserpine and ascorbic acid 
mixture. These experiments make it impossible to attribute to reserpine 
itself any action in vitro in reversing the inhibition produced by sympathetic 
nerve stimulation. The action of reserpine in vivo is not affected by this 
finding, since we had shown that preparations from rabbits injected with 
the vehicle in which the reserpine was dissolved responded normally to 
stimulation of their nerves. 


DISCUSSION 


In a previous study of this preparation we were never able to demon- 
strate a motor response to stimulation of the sympathetic nerves (Garry & 
Gillespie, 1955). The very considerable motor response to sympathetic © 
nerve stimulation which we have now found is clearly mediated by cholin- 
ergic fibres, as is evidenced by its remarkable similarity to the response 
to pelvic nerve stimulation and by its equal sensitivity to block by atropine 
and hexamethonium. Since the classical work of Dale & Feldberg (1934) 
on sudomotor nerves, the presence of cholinergic fibres in what are ana- 
tomically sympathetic nerves has been increasingly recognized. Burn & 
Rand (19606) have suggested that the cholinergic fibres in the sympathetic 
nerves innervate ‘stores’ of noradrenaline in the tissues. Impulses in these 
cholinergic fibres normally lead to liberation of noradrenaline from the 
‘stores’ and. bring about an adrenergic response. Nicotine-like drugs can 
also liberate noradrenaline from these ‘stores’. If the ‘stores’ are depleted 
by reserpine, then the adrenergic effect is lost and the liberated acety!- 
choline may diffuse away from the site of liberation around the ‘stores’ 
and reach other effectors, with the production of a cholinergic response. 
However, such an explanation cannot be applied to the present sympathetic 
motor response of the rabbit colon, since it is abolished by section and 


degeneration and by fatigue of the pelvic nerves, whose integrity is there- 
fore essential to this response. 
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The suggestion that, after reserpine treatment, sympathetic nerve - 
stimulation can somehow activate the parasympathetic pathway is so 
unorthodox that the possibility of experimental error or misinterpretation 
requires particularly careful consideration. The possibility that the pelvic 
nerve or its branches were stimulated by current escape can be excluded, 
since a ligature around the sympathetic nerves 1-2 mm distal to the fluid 
electrode abolishes the motor effect previously obtained from these nerves 
without affecting the contraction produced by pelvic nerve stimulation. 
Moreover, when T'M 10 was used to block the inhibition from sympathetic 
nerve stimulation it did not uncover a sympathetic motor response; yet 
the motor effect from pelvic nerve stimulation was still elicitable and 
would have been recorded in the event of current spread to the pelvic 
nerves or their branches. This result with TM 10 is also inconsistent with 
a second possibility, that a few fibres of pelvic-nerve origin are present 
among the sympathetic fibres of the lumbar colonic nerves. Langley & 
Anderson (1896) showed by degenerative experiments that the pelvic 
fibres leave the hypogastric nerve in the sacral colonic nerves and do not 
ascend as far as the inferior mesenteric ganglia. In agreement with this, 
Garry & Gillespie (1955) found that cutting the hypogastric nerves just 
below their origin from the inferior mesenteric ganglia did not reduce the 
motor response to stimulation of the pelvic nerve, indicating that few, if 
any, motor fibres ascend the hypogastric nerve to join the lumbar colonic 
nerve. By contrast, the motor response to sympathetic nerve stimulation 
is often almost as great as that to stimulation of the pelvic nerve and. has 
as short a latency (Figs. 1B, 2, 3, 4), which does not seem consistent with 


the concept of a few fibres being responsible. Finally, the possibility that 


the nerves are in fact a mixture of sympathetic and parasympathetic fibres 
was specifically investigated in a previous paper (Garry & Gillespie, 1955). 
It was shown then that if such a mixture were present then it should be 
possible to demonstrate the presence of the two groups of fibres by varying 
the frequency of stimulation. Such a mixture was never found. In the 
absence of a ready explanation we should like to raise the possibility that 
in the gut, after treatment with reserpine, sympathetic nerve stimulation 
can, in some way unknown, activate the parasympathetic fibres. 
Reserpine produces an apparently specific depletion of 5-hydroxytrypt- 
amine and catechol amines. These amines are found intracellularly in 
special sites and in -high concentration. Reserpine interferes with the 
mechanism maintaining this high intracellular concentration so that the — 
amines ‘leak’ through the membrane and are lost. The site of action of 
reserpine in producing this effect may be intracellular on some binding 
sites for the amines or on some carrier system at the cell membrane which 
maintains the concentration difference. Whatever the site of action, 
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however, the cells should lose, after reserpine, their ability to concentrate 
and retain these amines. From the present experiments, and those of 
Burn & Rand (1960), it appears, on the contrary, that after reserpine the 
nerve endings are still able to take up catechol amines from the medium 
surrounding them and to retain them for at least some hours. From the 
effectiveness of extreme dilutions (5 x 10-7) of noradrenaline it is probable 
that the nerve endings are also still capable of concentrating the amines. 

Since DOPA and dopamine are able to restore the response, whereas 
tyrosine is not, we should like to suggest that the rate-limiting step in 
normal synthesis is the conversion of tyrosine to DOPA and that this 
synthesis is slow. Thus a small increase in the rate of amine ‘leak’ pro- 
duced by reserpine will, if it exceeds maximum synthesis, lead ultimately 
to depletion of the transmitter and all precursors subsequent to tyrosine. 
Evidence that normal synthesis of catechol amines in the adrenal gland is 
limited by slow conversion of tyrosine to DOPA has been presented by 
Udenfriend & Wyngaarden (1956). Our suggestion, that the loss of amine 
. stores and of nerve function is finally due to the normal rate of synthesis 
being inadequate to compensate for a small ‘leak’ of transmitter due to 


reserpine, receives support from investigations on the output of catechols | 


from rabbit adrenals (Kroneberg & Schiimann, 1958). If the depletion of 
transmitter were due solely to its liberation, then one might expect 
removal of this stored product to result in an acceleration of its synthesis. 
The output of amine after reserpine should show a large initial increase 
due to the liberation of the stores; following exhaustion of these stores, 
the output should fall but remain at a level higher than normal because 
of the postulated acceleration in synthesis. In fact the output of adrenaline 
in the adrenal venous blood is raised only during the first few hours 
following reserpine administration (Kroneberg & Schiimann, 1958). 


_ In those experiments in which reserpine was added to the bath fluid the. 


effects mimicked exactly those resulting from intravenous administration 
of the drug. Unfortunately interpretation is impossible because of the 
finding that the vehicle, ascorbic acid solution, could itself, on occasion, 
produce similar effects. It is interesting, however, that Eliasson, von Euler 
& Stjarne (1955) have demonstrated the release of noradrenaline from 
the spleen by ascorbic acid in concentrations producing only a small change 
in pH (0-3). It is possible that ascorbic acid also acts by liberating trans- 
mitter at a rate exceeding that at which it can be replaced by synthesis. 


SUMMARY 


1. The effect of reserpine on the responses in vitro of two types of 
innervated preparations of the rabbit intestine have been studied: (i) the 
rabbit colon, when stimulating extrinsic sympathetic and parasympathetic 
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nerves ; (ii) preparations of the mid ileum, when stimulating the periarterial 
nerves. 

2. After pre-treatment with reserpine by intravenous injection for 
1-10 days, the response to sympathetic or periarterial nerve stimulation 
was converted from inhibition to contraction. The response to parasym- 
pathetic nerve stimulation and to noradrenaline or adrenaline was un- 
altered. Injection of control animals with appropriate quantities of the 
vehicle in which the reserpine was dissolved had no effect on the nerve 
response. 

3. After reserpine treatment the motor responses from parasympathetic 
and from sympathetic nerve stimulation were similar in appearance. The 
contraction to sympathetic nerve stimulation never exceeded that due to 
parasympathetic nerve stimulation. Both responses were abolished by 
atropine and by hexamethonium in similar concentrations. Evidence is 
given that the sympathetic motor response was not due to current escape 
stimulating the parasympathetic nerve. | 

4. Three sympathetic blocking agents, ergotamine tartrate, tolazoline 
(Priscol) and 2:6 xylyl choline ether bromide (TM 10), failed to uncover 
a motor response to sympathetic nerve stimulation in normal preparations. 
Only TM 10 produced a satisfactory selective sympathetic block. 

5. The motor response to sympathetic nerve stimulation is abolished 
after section and degeneration of the pelvic nerves or after stimulation of 
these nerves to exhaustion. | 

6. From these observations it is concluded that the motor response to 
sympathetic nerve stimulation after reserpine is mediated by the para- 
sympathetic nerves and is not due to cholinergic fibres in the sympathetic 
outflow. 

7. The inhibitory effect of the sympathetic nerves could be restored by 
soaking the preparation in a solution of either adrenaline or noradrenaline 
(optimal concentration 5 x 10-*) and subsequent washing. It is suggested 
that restoration is due to re-incorporation of transmitter into the nerve 
endings. Dopamine and DOPA were also effective, probably by serving 
as substrates for transmitter synthesis; L-tyrosine was ineffective. The 
effectiveness of DOPA and the ineffectiveness of L-tyrosine suggest that 
the synthesis of DOPA from tyrosine is slow. It is suggested that the 
final depletion of transmitter by reserpine is due to a small ‘leak’ of 
transmitter which is greater than the maximum rate of re-synthesis. 

8. The inhibitory effect restored by re-incorporation of amines was 
easily fatigued by continuous stimulation of the nerves. On stopping 
stimulation recovery occurred, suggesting that all the restored transmitter 
was not equally available for release. 


9. Reserpine dissolved in ascorbic acid and added to the bath fluid of 
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in vitro preparations from normal animals appeared to produce an identical 
reversal of the inhibitory effect of sympathetic nerve stimulation. Ascorbic 
acid itself was found, subsequently, to be able to produce a similar reversal. 


We are indebted to Messrs Ciba Ltd for generous supplies of Serpasil and of control 
solutions and to Miss A. Gilroy and Miss G. Docherty for careful technical assistance. The 
Rankin Medical Research Fund helped to provide apparatus. 


REFERENCES 


Barn, W. A. & Frevpen, R. (1956). Preliminary experiments on the mode of action of 
choline 2:6 xylyl ether bromide on adrenergic nerves. J. Physiol. 133, 70-71 P. 

Burn, J. H. & Ranp, M. J. (1960a). The effect of precursors of noradrenaline on the 
response to tyramine and sympathetic stimulation. Brit. J. Pharmacol. 15, 47—55. 

Burn, J. H. & Ranp, M. J. (19606). Sympathetic postganglionic cholinergic fibres. Brit. 
J. Pharmacol. 15, 56-66. 

Dats, H. H. & Fetpsere, W. (1934). The chemical transmission of secretory impulses to 
the sweat glands of the cat. J. Physiol. 82, 121-128> 

Exrasson, R., von Euter, U.S. & StsArne, L. (1955). Studies on the release of the ‘dhs: 
ty neuro-transmitter from the perfused ox spleen. Acta physiol. scand. 33, Suppl. 118, 

FINKLEMAN, B. (1930). On the nature of inhibition in the intestine. J. Physiol. 70, 145-157. 


Garry, R. C. & Griuespie, J. S. (1955). The responses of the musculature of the colon of the 
rabbit to stimulation, in vitro, of the parasympathetic and of the sympathetic outflows. 
J. Physiol. 128, 557-576. 

GILLesPIE, J. 8. & Mackenna, B. R. (1959). The effect of reserpine on the response of the 
rabbit ileum and colon to stimulation of their extrinsic nerves in vitro. J. Physiol. 147, 
31-32P 


GILLESPIE, J. 8. & MAcKENNA, B. R. (1960). The inhibitory action of nicotine on the rabbit 
colon. J. Physiol. 152, 191-205. 


Hawegins, D. F. & Paton, W. D. M. (1958). Response of isolated bronchial muscle to 
ganglionically active drugs. J. Physiol. 144, 193-219. 

_ KRONEBERG, G. & SCHUMANN, H. J. (1958). Adrenalinsekretion und Adrenalinverarmung 
der Kanni nach Reserpine. Arch. exp. Path. Pharmak. 234, 133-146. 
Laneciey, J. N. & Anperson, H. K. (1896). The innervation of the pelvic and adjoining 

viscera. J. Physiol. 20, 372-406. 
UDENFRIEND, S. & WYNGAARDEN, J. B. (1956). ag of adrenal epinephrine and 
norepinephrine in vitro. Biochem. biophys. acta, 20, 4 


Varaaic, V. (1956). The effect of tolazoline and other . on the response of the 
isolated colon of the rabbit to nerve stimulation. Arch. int. Pharmacodyn. 106, 141-150. 


4 
4 
t 
y 
| | 
} 
+ 
i He 
5 
? 
| 
> 
A 
| 
; 
4 
d 
3 
} 
§ 
> 
« 
3 


of 


he 


J. Physiol. (1961), 156, pp. 35-48 
With 6 text-figures 
Printed in Great Britain 


35 
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The substitution of bromide for chloride ions in the solution bathing 
a skeletal muscle results in a marked increase in the twitch tension pro- 
duced by a single supramaximal stimulus but is without effect on the 
maximum tetanic tension of the same muscle (Kahn & Sandow, 1955). 
This property is shared by other anions of the lyotropic series below 
chloride in their ability to salt out proteins from solution, notably nitrate, 
iodide, and thiocyanate (Kahn & Sandow, 1950, 1955; Lubin, 1957). The 
speed of onset of this effect of anion substitution in intact muscles (Kahn 
& Sandow, 1950; Hill & Macpherson, 1954) and in single, isolated muscle 
fibres (Horowicz & Hodgkin, 1956) has led to the conclusion that it is due 
to an action of the anions at the surface of the muscle fibres. It has been 


- shown that the increase in the twitch tension is due to an increased duration 


of the active state of the contractile mechanism within the muscle fibres 
(Hill & Macpherson, 1954; Ritchie, 1954). Intracellular micro-electrode 
studies have shown that replacing chloride with these anions results in an 
increase in the amplitude and duration of the negative after-potential 


_(Etzensperger & Bretonneau, 1956; Lubin, 1957). However, this increased 


depolarization does not seem sufficient to account for the increase in the 
mechanical response, and it has been suggested that the increased 
mechanical response results from some other action of these anions on the 
cell membrane (Lubin, 1957; Shanes, 1958). 

Evidence has recently been presented supporting the hypothesis of 
Heilbrunn & Wiercinski (1947) and Sandow (1952) that an increased influx 
of calcium ions during depolarization may represent at least one step of 
excitation—contraction coupling (Frank, 1958, 1960). The present study 
was undertaken to investigate the possibility that the effects of anion 


- substitution on contraction might be due to an effect of the anions on the 


calcium entry mechanism. This concept is supported by the results of the 
experiments presented below. 
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METHODS 


The extensor longus digiti IV muscle of the frog Rana pipiens was used in all experiments, 
which were performed at room temperature and at all seasons of the year. 

Isometric responses were recorded with the muscle mounted vertically in a bath containing 
the appropriate solution. The lower end of the muscle was fixed and the upper end was 
attached to the free end of a lever above the bath by means of a nylon thread. Strain 
gauges were mounted on the lever near its fixed end and responses were recorded with a 
Grass Model 5 polygraph. For further details of the preparation see Frank (1960). 

For electrical recording the muscle was mounted horizontally in a two-compartment bath 
(Frank, 1958). The compartments were isolated by means of a petroleum jelly gap 8 mm in 
length. Potential changes were induced by changing the composition of the solution in one 
- of the compartments. 3 

The primary solution had the following composition (mm): choline chloride, 111-8; KCl, 
2-47; CaCl,, 1-08; NaHCO,, 2-38; NaH,PO,, 0-087; glucose, 11-1. Except for the absence 
of the CaCl,, the composition of the calcium-free solution was identical. The isotonic potassium 
chloride solution contained 123 mm-KCl with or without the addition of 1-08 mm-CaCl,. 
The 25 mm potassium solution was made by the addition of solid KCl to the primary solution. 
All other solutions with elevated potassium concentrations were made by mixing appropriate 
amounts of the primary and isotonic potassium chloride solutions. The bromide solutions 
were identical in composition, with choline bromide substituted for choline chloride and 
potassium bromide substituted for potassium chloride. Caffeine (Kahlbaum) was dissolved 
» In a small quantity of solution with the aid of a few drops of concentrated HCl and diluted 
to the desired concentration. The resulting caffeine solution was buffered to pH 7-2 by the 
addition of solid NaHCO,. In some of the experiments p-tubocurarine 10~* g/ml. was added 
to the solutions or a gas mixture of 0-5 % CO, in O, bubbled through the solutions. Neither 
of these procedures modified the results obtained. Details of the precautions taken in 
preparing the water for the solutions, the selection of reagents and in other ways preventing 
contamination with calcium from any source have been described elsewhere (Frank, 1960). 

The details of the general procedure used in most of the experiments were described 
previously (Frank, 1960). Briefly, this consisted of determining the response of the muscle 
to an elevated potassium concentration before and after treating the muscle with a solution 
of modified composition. Following each test with elevated potassium the muscle was kept 
in & solution containing 2:47 mm™ potassium for at least 10 min before another test was 
performed. Before each test with an altered solution a control response of the muscle was 
obtained. 


RESULTS 
Effects of substituting bromide for chloride ions on 
potassium-induced contractures 
In studies using a single muscle fibre preparation, Horowicz & Hodgkin 
(1956) noted that substitution of nitrate for chloride ions increased the 
tension induced by low concentrations of potassium but had little effect 
on tensions induced by high concentrations of potassium. A similar effect 
is produced by substituting bromide for chloride ions, as is shown in 
Fig. 1 A and B. In this experiment the maximum tension of the contracture 
produced by 25 mm potassium is about 4 times larger with the toe muscle 
in bromide solutions than it is with the muscle in chloride solutions. This 
observation has been repeated in some twenty muscles in which bromide 
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substitution increased the maximum tension from 4 to 12 times. As in the 
case of the effect of bromide substitution on the muscle twitch, the onset is 
rapid. The maximum increase in the contracture tension is generally 
obtained during the 10-15 sec needed for the contracture to reach its 
maximum. However, after the muscle had remained in the bromide 
solution for 30 min or more, up to 5 min was required for the potentiation 
to disappear after replacement of the bromide with chloride solution. 


B 


in Br~ soln. 
D 
1g 
60 sec 
mm-K* mm-K* 


Fig. 1. Potassium-induced contractures in a single toe muscle of a frog. Responses 
A, C, and D obtained with the muscle in a chloride solution and B with the muscle 
in a bromide solution. The arrows indicate the points at which the test solutions 
were placed in the bath. The rectangular artifacts at the start and end of the 
contractures were caused by emptying the bath to change the solution. 


Larger contracture tensions are obtained by increasing the potassium 
concentration above 25 mm. Thus it was possible to determine the potas- 
sium concentration in chloride solutions needed to cause a contracture 
equal to that due to 25 mm potassium in bromide solutions. This was done 
in the experiment shown in Fig. 1. In this case the maximum tension of 
the contracture produced by 25 mM potassium in bromide solution was 
between the maximum tensions produced by 83 and 93 mM potassium in 
chloride solution. Although contractures having similar maximum tensions 
can be obtained in this manner, it should be noted that the durations of 
the contractures produced by high potassium concentrations in chloride 
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(Fig. 1C and D) are considerably shorter than equal tension contractures 
induced by lower concentrations of potassium in bromide solutions 
(Fig. 1B). 

The maximum tensions of contractures induced by various potassium 
concentrations in chloride and in bromide solutions are plotted in Fig. 2. 
The data obtained in two separate experiments are presented. The maximum 
tensions of 25 mm potassium-induced contractures with the muscles in 
bromide solutions were equal to the maximum tensions of contractures 
induced by 63-123 mm potassium with the same muscles in chloride 


t/(t 123) 


02- 


70 100 200 
mm-K* (mM) 

Fig. 2. Relation between the potassium concentration and the maximum tension 
of the contracture. Two experiments with different muscles, represented by 
different symbols. Open symbols, muscles in bromide solutions; solid symbols, 
muscles in chloride solutions. t/(t 123), maximum tension/maximum tefision of 
123 mM potassium-induced contracture. Semi-log. scale. 
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solutions. The relation between the potassium concentration and the maxi- | 


mum tension of the contractures produced in chloride solutions was 
similar in other muscles in which the effect of bromide was not determined. 
The only difference was that with some of these other muscles the curve 
was shifted to the right. 

It was previously found that the maximum tensions of contractures 
produced by isotonic potassium chloride solutions in the small toe muscles 
used in these experiments were equal or nearly equal to the maximum 
tetanic tensions (Frank, 1960). It was found in the present study that 
bromide substitution had little or no effect on the maximum tension or 
the duration of contractures produced by 123 mm potassium solutions. 
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This seems to indicate that the events in excitation—contraction coupling 
are the same in the tetanus and in the maximum contracture. 

When recordings were made at the time of substituting bromide solutions 
for chloride, a small contracture was observed: This contracture was never 
more than a quarter the size of contractures induced by 25 mm potassium. 


Or 

25 

25 in 

63 

83 

123 
-15 


| 
0 30 60 sec 


Fig. 3. Depolarizations produced by various potassium concentrations in a 
single toe muscle. Potassium concentrations given at the end of each record. 
Muscle in chloride solutions during all recordings except while recording the 
record marked ‘in Br-’. In this case the muscle was kept in a bromide solution 
for 5 min before and during the recording. 


Effects of substituting bromide for chloride ions on 
potassium-induced depolarizations 

Hutter & Padsha (1959) reported that substitution of nitrate for chloride 
ions increased the amplitude of the end-plate potential in a nerve—muscle 
preparation and of the electrotonic potentials in isolated frog muscle. 
These effects, plus the frequently reported increase in the size of the 
negative after-potential, made it desirable to study the effects of bromide 
ions on potassium-induced depolarizations. 

When a bromide solution replaced the chloride solution bathing the 
part of a muscle in one of the compartments of the bath, that part of the 
muscle was depolarized about 25 °%, as much as by 25 mm potassium. This 
depolarization might well be responsible for the slight contracture which 
resulted from bromide substitution for chloride ions. 

As can be seen in Fig. 3, the depolarization produced by 25 mM potassium 
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is slightly larger when the muscle is in a bromide solution. However, this 
slight increase seems inadequate to account ‘or the large increase in the © 
size of the contracture (Figs. 1 and 2). In order to produce contractures 
in chloride solutions having maximum tensions comparable to those 
produced by 25 mm potassium with the muscle in a bromide solution, it 
was necessary to use solutions having potassium concentrations of 63 mm 
or greater. The depolarization produced by 25 mm potassium with the 
muscle in a bromide solution was less than that produced by 43 mm 
potassium with the muscle in a chloride solution. 


Effect of substituting bromide for chloride ions on the rate of 
contracture inhibition by calcium-free solutions | 


The above results are censistent with the hypothesis that the effects of 
anions on the submaximum contracture are not due to the electrical 
changes brought about by these non-physiological anions. The effect was 
next determined of bromide substitution on the rate at which the potassium- 
induced contracture was inhibited by placing the muscle in a calcium-free 
solution. It was found that bromide substitution appreciably slowed the 
rate of this inhibition. 

The effect of bromide substitution was first tested with senitractaree 
induced by 25 mm potassium, and a decreased rate of inhibition was 
observed. However, two factors reduce the significance of this test. First, 
the contractures produced by 25 mm potassium are considerably larger 
when the muscle is kept in bromide solutions than when it is in a chloride 
solution. Secondly, an increase in the maximum tension of 25 mm 
potassium-induced contractures generally is observed if the response is 
tested shortly after exposing the muscle to a calcium-free solution (Frank. 
1960). This increase is not observed in bromide solutions. Consequently. 
the inhibition curves obtained in the two types of solutions have distinctly 
different shapes. For these reasons the rest of the experiments were 
performed using 123 mm potassium solutions to induce contractures. 5 

As has been shown above, the maximum tensions of contractures 
produced by isotonic potassium chloride and by isotonic potassium 

bromide were equal, or nearly so. However, the contractures. were in- © 
hibited more slowly in calcium-free bromide solutions. The results of a 
typical experiment were plotted in Fig. 4. Experiments of this type were 
carried out with eleven different muscles. In each case a definite decrease 
in the rate of inhibition was found. Unfortunately, owing to instrument 
difficulties, quantitatively reliable results were obtained in only three of 
these experiments. The length of time in the calcium-free solutions required 
to produce a 50% decrease in the maximum tensions of the contractures 
is in Table 1. 
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the potassium-induced contracture is a measure of the time for equilibra- 
tion between the calcium ion concentration of the extracellular spaces 
and that of the bathing solution (Frank, 1960). In these experiments 
equilibration was based on the frequently repeated observation that 
exposing a muscle to a solution with an altered calcium concentration for 
2-3 times the equilibration period resulted in no further change in the 
amplitude or duration of the potassium-induced contracture than had 
occurred during the equilibration period itself. Thus by first determining 
the time a toe muscle had to be kept in a calcium-free solution to eliminate 
completely the potassium-induced contracture, and by using this interval 
to allow for equilibration, it was possible to determine the effects of changes 
in extracellular calcium concentration on the tensions of potassium- 
induced contractures. Since it took longer to eliminate the contractures 
with the muscles in bromide solutions, separate determinations of the 
elimination times in chloride and in bromide solutions were made on each 
muscle, and sufficient additional time was allowed for equilibration in 
bromide solutions after changing the calcium concentration of the bathing 
solution. 

The relation found between the extracellular calcium concentration 
and the maximum tension of 123 mm potassium-induced contractures is 
shown in Fig. 5. This type of relation was previously described for 25 mm 
potassium-induced contracture in chloride solutions (Frank, 1960). The 
curve obtained with 123 mm potassium-induced contractures does not 
show the initial potentiation as the calcium concentration is lowered as 
previously noted with 25 mm potassium-induced contractures. 

In Fig. 5 the results are presented for three experiments in which the 
relation between extracellular calcium and contracture tension was de- 
termined with the muscles in chloride and in bromide solutions. It can 
be seen that substitution of bromide for chloride ions did not change the 
relation between the extracellular calcium concentration and the maximum 
tension of 123 mm potassium-induced contractures. It was also observed 
that bromide substitution did not modify the duration of the contractures 
in this type of experiment. 


Effect of substituting bromide for chloride ions on caffeine-induced contractures 

It has been shown that essentially unmodified caffeine-induced con- . 
tractures of skeletal muscle can be produced while the muscle is completely 
depolarized by potassium (Axelsson & Thesleff, 1958), or in the complete 
absence of extracellular calcium (Frank, 1960). It would seem that 
caffeine causes a mechanical response either by a process different from 
depolarization-induced contractures or by an action on the same excitation- 
contraction process but at a stage which follows depolarization and calcium 
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influx. Therefore it was of interest to see whether bromide substitution 
would modify caffeine-induced contractures and particularly whether it 
would increase the tensions of submaximal caffeine contractures. 


100 r 


Maximum tension (% of control) | 


0-54 1-08 
(mm-Ca**) 


Fig. 5. Relation between the extracellular calcium concentration and the maximum 
tension of 123 mm potassium-induced contractures of the toe muscle, Experiments 
with three different muscles represented by different symbols. The open symbols 
represent determinations made with the muscles in chloride solutions and the solid 
symbols determinations with the muscles in bromide solutions. 


Caffeine contractures of one muscle produced in chloride and in bromide 
solutions are shown in Fig. 6. The maximum tension of the contracture 
produced by caffeine 5-0 x 10-4 g/ml. (Fig. 6C’) was about the same as that 
produced by isotonic potassium chloride in the same muscle. In four 
experiments of this type the only change observed following bromide 
substitution was a slight but definite decrease in the maximum tensions 
of the caffeine-induced contractures. 
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Fig. 6. Effect of substituting bromide for chloride solutions on the caffeine- 
induced contractures of a toe muscle. Test solutions contained caffeine 2-5 x 
10-* g/ml. in A and B, and 5-0 x 10~* g/ml. in C and D. Arrows indicate the times 
when caffeine solutions were put into and removed from the bath. A and C, 
muscle in chloride solutions; B and D, muscle in bromide solutions. 


DISCUSSION 


The results of previous workers have shown that the increase in the 
size of maximal twitches of skeletal muscle caused by bromide ions and 
other anions below chloride in the lyotropic series is due to an increase in 
the duration of the active state of the contractile mechanism of the muscle 
cells, and further that the action of these ions is at the surface of the cells 
and not directly on the contractile elements within the cells (see p. 35). 
Therefore the effect of these anions on contraction results either from an 
increased depolarization during an action potential, or from an action on 
the processes which link the electrical and mechanical events, or from both. 

At present excitation—contraction coupling can be presumed to occur in 
stages, starting with depolarization of the muscle fibre and ending with 
activation of the contractile mechanism. The substitution of bromide for 
chloride ions can increase the tension of twitches and of some types of 
submaximum contractures. However, the effects of bromide substitution 
on the depolarizations seem inadequate to account for the effects on the 
mechanical responses. Lubin (1957) recognized that the increase in the 
amplitude and duration of the negative after-potential of skeletal muscle 
fibres was not sufficient to account for the increase:in the maximal twitch 
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which results from substitution of these anions for chloride. However, he 
suggested that the same change at the muscle fibre surface must be the 
cause of both effects. 

In the previously reported studies from this laboratory on excitation- 
contraction coupling in skeletal muscle, the potassium-induced contracture 
has been used as a model for the events which occur during a contraction 
(Frank, 1958, 1960). This model also has been used in the present study. 
Therefore, it is of interest to compare the effects of substituting bromide 
for chloride ions on the two types of responses. It has been found that 
bromide substitution results in a marked increase in submaximum con- 
tractures induced by relatively low potassium concentrations but is 
without effect. on maximum contractures induced by isotonic potassium 
chloride or potassium bromide solutions. This is analogous to the effects 
of bromide substitution on contractions in which the maximum twitch 
tension but not the maximum tetanic tension is increased. The rapid onset 
of the effect of bromide substitution on submaximum contractures indicates 
that, as in the muscle twitch, bromide ions act at the surface of the cells. 
Another similarity is the finding of a slight but obvious increase in the 
depolarization which accompanies each type of mechanical response in the 
presence of bromide ions. As is probably the case for the twitch, this slight 
increase is insufficient to account for the increase in the tension of the 
submaximum contracture. 

Recently Hodgkin & Horowicz (1960) reported a potentiation of 
potassium-induced contractures in single skeletal muscle fibres by the 
substitution of nitrate or thiocyanite for chloride ions. As reported here 
they observed a slight increase in the potassium depolarization in the 
presence of nitrate ions. This change in depolarization was insufficient to 
account completely for the increase in contracture tension. 

It is suggested here that the effects of substituting bromide for chloride 
ions on the mechanical responses of skeletal muscles are mainly due to an 
action of these anions on the calcium entry mechanism which links electrical 
and mechanical events in contraction. The evidence supporting the calcium 
entry mechanism of excitation—contraction coupling can be found else- 
where (see Frank, 1960, for references). The demonstration of a direct 


effect of bromide substitution for chloride ions on the rate at which the 


potassium-induced contracture is inhibited when the toe muscle is placed 
in a calcium-free solution supports the mechanism proposed here for the 
effects of bromide ions. Furthermore, the maximum possible tension of 
a potassium-induced contracture is determined by the extracellular 
calecium-ion concentration, and the inability of bromide ions to increase 


‘the tension of contractures made submaximum by reduction of the extra- 


cellular calcium concentration (Fig. 5) indicates that the effects of bromide 
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substitution on the potassium-induced contracture also are dependent 
upon some action of calcium ions. 

It has been shown previously (Frank, 1960) that the rate at which the 
potassium-induced contracture of the toe muscle is inhibited when the 
muscle is placed in calcium-free solution is determined by the rate at 
which calcium ions are removed from the extracellular spaces of the muscle. 
Since the presence of bromide ions does not change the relation between 
the extracellular calcium concentration and the maximum tension of the 
123 mm potassium-induced contracture, the decrease in the rate of in- 
hibition must mean that the presence of bromide ions has in some way 


- slowed down the loss of calcium ions from some site in the muscle. Since 


it is hard to visualize how bromide ions could interfere with the diffusion 
of calcium ions out of the extracellular spaces of the muscle, it appears 
probable that bromide ions act on the muscle fibre membrane to slow the 


‘ loss of calcium associated with these membranes when the calcium 


concentration of the surrounding fluid is reduced. 7 
Shanes (1958) has suggested that the effects of these anions which increase 
the muscle twitch could be explained by assuming that they increase the 
calcium concentration in the muscle fibre membrane. Since substitution 
of these anions for chloride does not increase the maximum tetanic tension 
it must be assumed that the maximum possible tension of the muscle is 
set by the state of the contractile mechanism of the cells and thus is not 
increased by the increased influx of calcium ions associated with each. 
action potential during a tetanus. However, this explanation cannot 
account for the inability of bromide ions to increase the tension of con- 
tractures made submaximal by reduction of the extracellular calcium 
concentration (Fig. 5). All that can be said is that in some way bromide 
substitution favours the influx of calcium ions during a depolarization, 


but this effect probably is not due simply to an increase in Sera rane 


calcium concentration. 


Bromide ions increase the size of the muscle twitch by increasing the 
duration of the active state of the contractile mechanism (Hill & Mac- 


pherson, 1954; Ritchie, 1954). Sandow (1955) presented some records 


indicating that potassium-induced contractures could be increased in 


duration by using nitrate in place of chloride ions. However, an interpreta- 


tion of these records is complicated by the fact that relatively large strips 
of sartorius muscle (at least 1 mm across) were used and by the fact that 
the test solutions contained only 100 mm potassium. In the present study 
maximum contractures produced by 123 mm potassium were not increased 
either in amplitude or duration by bromide substitution, and even con- 
tractures induced by 25 mm potassium, which were greatly increased in 
amplitude, were not noticeably increased in duration. The present results 
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can best be interpreted as showing an increased effectiveness of relatively 
small depolarizations in producing a mechanical response in the presence 
of bromide ions. If bromide ions have the same mechanism of action in 
modifying muscle twitches and contractures, the increased duration of the 
active state during the twitch response in the presence of bromide ions 
would be due to an increased ability of the negative after-potential to 
maintain the active state. Further, if as suggested here the effects of 
bromide substitution are due to an action on the calcium entry mechanism, 
there should be an increased influx of calcium ions during a twitch produced 
with the muscle in a solution containing bromide ions compared to that 
produced in chloride-containing solutions. Indeed, Bianchi & Shanes 
(1959) have shown an increased influx of calcium ions per twitch when 
nitrate ions were substituted for chloride ions in the solution bathing the 
sartorius muscle of the frog. 


SUMMARY 


1. It was observed that substitution of bromide for chloride ions in 
solutions bathing the extensor longus digiti [V muscle of the frog increased 
from 4 to 12 times the maximum tensions of contractures induced by 
25mM potassium, but was without effect on maximum contractures. 
induced by 123 mm potassium. The depolarization produced by 25 mm 
potassium also was slightly increased but this increase seemed insufficient 
to account for the marked potentiation of the mechanical response. 

2. Substitution of bromide for chloride ions decreased the rate at which 
25 and 123 mM potassium-induced contractures are inhibited when the 
toe muscle is placed in a calcium-free solution. | 

3. Bromide substitution did not increase the size of 123 mm induced 
contractures made submaximum by decreasing the extracellular calcium 
concentration, nor did it increase the tension of submaximum caffeine- 
induced contractures. 3 

4. It is suggested that the increase in twitch tension. and in the tension 
of submaximum potassium-induced contractures which occur when 
bromide is substituted for chloride is due to an increase in the excitation 
of the contractile mechanism of the muscle cells by small depolarizations. 
Further, it is suggested that this increase in the effect of small depolariza- 
tions is due to a relatively greater influx of calcium ions during depolariza- 
tion in the presence of bromide ions. 


I wish to thank Dr M. Nickerson and Dr P. E. Dresel for their helpful comments and 
suggestions and Mr B. Erickson for his competent technical assistance. The tubocurarine 
chloride was generously supplied by Burroughs Wellcome and Co. This work was supported 
by a grant from the National Research Council of Canada. 
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A COMPARISON OF THE CIRCULATORY EFFECTS OF 
ANGIOTENSIN, VASOPRESSIN AND ADRENALINE IN 
THE ANAESTHETIZED CAT 


By GWENDA R. BARER- 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 17 August 1960) 


The chemical structures of angiotensin and vasopressin have been 
determined in recent years and both have been synthesized. Both are 
peptides of very high potency whose role in the body is incompletely under- 
stood. Angiotensin exists naturally in two forms, a decapeptide and an 
octapeptide which is derived from it and is believed to be responsible for 
the effects of angiotensin. Horse angiotensins differ from ox angiotensins 
in that the fifth amino acid is isoleucine instead of valine. The decapeptides 
and the horse (isoleucine) octapeptide but not the ox (valine) octapeptide 
have been isolated from natural sources. Both octapeptides have been 
synthesized (Rittel, Iselin, Kappeler, Riniker & Schwyzer, 1957). 

Two forms of vasopressin have been isolated and synthesized; lysine 
vasopressin which is found in the hog, and arginine vasopressin which has 
been found in all other species examined (Bartlett, Johl, Roeske, Stedman, 
Stewart Ward & du Vigneaud, 1956). 

In the present work a comparison has been made of the three pressor 
substances, adrenaline, synthetic angiotensin and synthetic vasopressin 
and their actions on cardiac output, peripheral resistance and regional 
blood flow have been investigated. A preliminary report of this work has 
been published previously (Barer, 1959). 


METHODS 


Cats (1-7-4-2 kg) were anaesthetized with ethyl chloride and ether and then given 
chloralose (60 mg/kg 1.v.). Heparin (Boots Pure Drug Co., 10 mg/kg 1.v.) was given after 
the completion of the dissection. A Starling Ideal pump was used for artificial respiration 
when the chest was opened. 

Blood pressure was recorded by means of a capacitance manometer and Cambridge fast 
pen recorder (response of whole system flat+5% to 25 c/s) or Evershed and Vignoles 
Duplex quick-response recorder (response flat + 5% to 20 c/s) or, occasionally, a mercury 
manometer. External jugular venous geen’ and atrial pressures were measured with 
saline manometers. 

Blood flow was measured with an ‘aisibesiaaiiiihle flowmeter designed by Wyatt (1959, 
1961 a, b), which has a low resistance to blood flow and which was placed in continuity with 
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either arteries or veins. The pressure drop across the system depended mainly on the con- 
necting tube and cannulae, since the flowmeter head consisted of a tube 3-3 cm long with a 
minimum diameter of 0-5 cm. In a typical experiment with the apparatus used for cannu- 
lating the main pulmonary artery the connecting tubes, cannulae and flowmeter head 
produced a drop in pressure of 3 mm Hg for a rate of flow of 316 ml./ min (saline). Similarly 
in a circuit used for the mesenteric vein there was a drop in pressure of 1 mm Hg for a rate 
of flow of 50 ml./min and in another circuit used in the renal vein (the narrowest) there was 
a drop in pressure of 1-4 mm Hg for a rate of flow of 21 ml./min. The magnet was operated 
at the mains supply frequency of 50 c/s and the mean flow was continuously recorded. 
Alternatively, the phasic flow within the range 0-20 c/s was continuously recorded, the 
accuracy being limited by the introduction of the connecting tubes. The instrument 
recorded both forward and backward flow with linearity of + 1% and neither the base line 
nor sensitivity drift exceeded 1 % of full scale per hour. Full scale represented either 1000 
or 200 ml./min, depending on the setting of the range switch. 

In a few experiments a bubble flowmeter or a density flowmeter (Dawes, Mott & Vane, 
1953) was used. The right heart output was measured by the electromagnetic flowmeter 
placed in continuity with the main pulmonary artery; the method of cannulation was 
described by Barer & Niisser (1957). The right heart output is less than the left heart output 
by the amount of blood which circulates from the bronchial artery to the pulmonary veins. 
The systemic vascular resistance was calculated as 

arterial pressure — venous pressure 
right heart output 
Details of the measurement of flow in different regions will be described with the results. 

Hormones. The formula of the synthetic val-5 octapeptide angiotensin (Ciba, Basel) 

used was 


H-Asp-Arg-Val-Tyr-Val-His-Pro-Phe. OH. 


The angiotensin was dissolved in sterile distilled water (20 ug/ml.) in a plastic container and 
kept in the refrigerator. No loss of potency was noticed over many weeks. 

The synthetic lysine vasopressin was in a solution stated to contain 6 pressor units/ml. 
This concentrated solution and a tenfold dilution (600 m-u./ml.) in sterile normal saline were 
kept in a refrigerator, but slight deterioration may have taken place during the course of 
the work, A further tenfold dilution was made up during experiments wad injecting small 
quantities. The formula was 


Adrenaline (British Drug Houses) was also used. : 
Injections. Intravenous injections were made into a small plastic cannula (capacity 
0-02 ml.) inserted into the femoral vein, or into the rubber tubing of a larger glass cannula 
in the external jugular vein where they were washed in with 2 ml, normal saline. It was 
important to use the small cannula for injections when measuring cardiac output, since it 
was shown that a rapid intravenous injection of 2 ml. saline caused an increase in right heart 
output of about 6% lasting 30 sec. Intra-arterial injections were made into the tubing of 
the flowmeter circuit which was placed in continuity with an artery. 


RESULTS 
Blood pressure changes 


Angiotensin. Figures 3A, 4A and 7A illustrate typical changes in blood 
pressure which followed intravenous injections of angiotensin (tested in 


59 cats in doses of 0-02-5 yg). There was a rise in blood pressure followed 
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(usually but not always) by a slight fall and a secondary rise lasting for 
several minutes. Large doses increased the duration as well as the magni- 
tude of the response. The pulse pressure was increased, the heart rate 
decreased and no tachyphylaxis was observed. It was not possible to 
make a valid comparison of the potency of angiotensin and adrenaline 
because the time course and nature of their actions were different, How- 
ever, the high activity of the synthetic angiotensin was demonstrated 
by the observation that a dose of adrenaline 5-10 times greater than 
angiotensin (weight for weight) was required to produce a similar 
peak rise in blood pressure. On a molecular basis the ratio was still 
higher. 

Vasopressin. Vasopressin (24-1000 m-u. intravenously in twenty cats) 
caused a small but frequently prolonged rise in blood pressure (Figs. 3C, 
4C). Above the threshold dose, increasing doses produced increasing rises 
in blood pressure up to a point, after which further increases in dose 
produced no further increments in blood pressure. The maximum rise was 
usually 10-20 mm Hg, never more than 30 mm Hg. The pulse pressure 
was usually reduced and the heart rate decreased. 

Adrenaline. Under the conditions of these experiments there was most 
commonly a biphasic blood pressure response to intravenous injections of 
adrenaline (tested in 50 cats in doses of 0-5-30 yg) as shown in Fig. 1B. 
Often the secondary fall in blood pressure was profound and the subsequent 
rise was to a mean level lower than the initial value. A monophasic rise in 
blood pressure was also observed (Figs. 4B, 7C). The pulse pressure was 
increased and the heart rate changes were variable. 


Cardiac output 

Angiotensin. Angiotensin (0-02—5 yg) was injected intravenously into 
eighteen cats while the right heart output was being measured. In fourteen 
cats a rise of blood pressure was often recorded without any change in cardiac 
output (Fig. 1.4), but large doses sometimes caused either a rise or a fall in 
cardiac output. (In five of these cats doses of 1—4 yg caused a fall in output 
often accompanied by cardiac irregularities and in five others doses of 
0-4-4 wg led to arise in output.) In two cats there was always arise in output 
and in two other cats only a fall in cardiac output was recorded (but one had 
a high pulmonary arterial pressure, and in the other slight pulmonary valve 
incompetence was suspected). When a rise in output was observed it 
sometimes took place early (four cats) but at other times (three cats) it began 
only during the secondary fall in blood pressure and continued during the 
secondary rise. Thus there was no constant change in cardiac output 
accompanying the rise in blood pressure caused by angiotensin, which is 


therefore mainly attributed to increased peripheral resistance (Fig. 14). _ 
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The venous pressure was unchanged after small doses but sometimes rose 
slightly (0-5-1 mm Hg) after large doses. 

Vasopressin. Vasopressin was injected into five cats in doses from 120- 
300 m-u. intravenously; smaller doses did not raise the blood pressure. 
There was no constant change in cardiac output and the rise in blood 
pressure is therefore attributed to increased peripheral resistance. 

Adrenaline. In seventeen cats the cardiac output was increased by 
adrenaline (1-30 yg I.v.) except on the very few occasions when a large dose 
gave rise to irregularities of rhythm, when there was sometimes a fall in 
output. The output rose as the pressure rose, usually continued to rise during 
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Fig. 1. 3-0kg cat. The effect of angiotensin and adrenaline on right heart output and 
systemic vascular resistance (output measured with an electromagnetic flowmeter). 


A, injection of angiotensin 0-5 yg 1I.v. at arrow; B, injection of adrenaline 10 yg I.v. 
at arrow. 
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the subsequent fall in pressure, reached a maximum during the secondary 
rise in pressure, and remained up for several minutes (Fig. 1B). Thus the 
increase in output had a different time course from the blood pressure 
changes and continued whether the second phase of the blood pressure 
response was a rise or fall above the initial level. Venous pressure rose 
slightly (0-5-2 mm Hg). The calculated systemic vascular resistance 
usually rose, fell and rose again (Fig. 1B). Sometimes during a sustained 
rise in blood pressure the systemic vascular resistance remained at or 
below the original level. 


Renal blood flow 


The renal blood flow was measured by placing a flowmeter in the left 
renal vein (which was tied at its inferior vena caval end) and connecting 
it to the right external jugular vein. This procedure caused less disturbance 
than cannulating the two ends of the cut renal vein, because the external 
jugular vein was cannulated first and a single cannula was inserted rapidly 
into the renal vein, to minimize the interruption of renal blood flow. Renal 
arterial blood flow was measured by connecting the aortic.end of the left 
carotid artery, through a flowmeter, to one of the left renal arteries. 

Angiotensin. The effect of angiotensin on renal blood flow was investigated 
in fifteen cats (venous flow in eleven cats, arterial flow in four cats). The 
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Fig, 2. 3:1 kg cat. The effect of angiotensin and adrenaline on renal venous blood 
flow (bubble flowmeter). A, angiotensin 4 wg 1.v.; B, angiotensin 2yg Lv.; 
C, angiotensin 1 yg 1.v.; D, adrenaline 20 pg 1.v. 
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rate of flow was invariably reduced by both intravenous and intra-arterial 
injections in proportion to the dose (Figs. 2, 3A. Doses were 0-1—4 yg L.v. 
in fifteen cats and 0-2-1-2 yg into the renal artery in two cats). The time 
course of the reduction in flow was usually similar to that of the blood- 
pressure changes but sometimes rather shorter. In two cats renal blood 
flow remained reduced during intravenous infusions of angiotensin (2 pg 


in 2 min, and 2 yg in 2} min). 
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Fig. 3. Renal blood flow (electromagnetic flowmeter in a left renal vein). A, 2-9 kg 
cat, angiotensin 2 yg 1.v. at signal; B, 2-9 kg cat, adrenaline 10 yg 1.v. at signal; 
C, 3-2 kg cat, vasopressin 300 m-u. I.v, at signal. 
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Vasopressin. Vasopressin was investigated in twelve cats and was found to 
increase renal blood flow (measured in a vein in 8 cats and in an artery 
in four cats). In ten out of twelve cats given intravenous injections of 
vasopressin (24-300 m-u.) there were increases in blood flow. These increases 
were often (especially with large doses) preceded by a brief but large decrease _ 
in flow; the rise in flow was gradual, was often as great as 70% and lasted 
several minutes (Fig. 3C). Increases in renal blood flow were sometimes 
caused by doses which had no effect on the blood pressure (e.g. in one cat 
60 m-u. caused a rise in flow of 23 °/, without any change of blood pressure) 
and the increases in flow frequently outlasted the increases in blood 
pressure. In the two other cats which were given intravenous injections of 
vasopressin there was no change in blood pressure or renal blood flow 
even after large doses of vasopressin. Vasopressin was injected into the 
renal artery in four cats. In two of these the renal arterial blood flow was 
consistently increased by 60-240 m-u. of vasopressin and small doses had 
no effect on the blood pressure (Fig. 6A). In the third cat there was an 
increase in renal blood flow after three doses (80, 150 and 300 m-u.) but 
not after other similar doses. The fourth cat was one of the two already 
mentioned which were insensitive to all doses of vasopressin. 

Adrenaline. In twelve cats adrenaline always reduced renal blood flow 
(venous flow was measured in ten cats and arterial flow in two cats; the doses 
were 0-5—20 yg 1.v. in twelve cats and 5 yg into the renal artery in one cat). 
_ As the blood pressure rose the renal blood flow fell sharply but the period 
of reduced blood flow was usually shorter than that of increased blood 
pressure and relatively shorter than the decrease caused by angiotensin 
(Figs. 2D, 3B). There followed in most cats a period of increased renal 
- blood flow. During infusions of adrenaline the renal flow decreased and 

then rose agajn while the blood pressure remained raised (three cats; 10 yg 
in 2 min, 6 wg in 44 min, and 20 yg in 2 min 40 sec). 3 


Mesenteric blood flow 


- The blood flow in the intestines was measured by means of a flowmeter 
introduced into the main mesenteric vein just before its junction with the 
gastric veins. Retrograde injection of dye showed that this vein drained 
all the small intestine except the first part of the duodenum, and all the 
colon except the final straight part which descends into the rectum. 

Angiotensin. Angiotensin caused a profound reduction in mesenteric 
blood flow (0-2-4 jg I.v. in ten cats) whose time course followed that of the 
blood pressure except that its duration was often rather less (Fig. 4.4). 
A period of increased flow sometimes followed. Intraportal injections had 
a very much smaller effect than injections into the external jugular vein 
on blood pressure and mesenteric blood flow, but whether this was due to 
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loss of angiotensin through diffusion in the liver or to inactivation could 
not be determined. After intravenous injections of angiotensin the portal 
venous pressure was constant or fell slightly during the period of reduced 
mesenteric blood flow but rose later (Fig. 5A). Injections into the central 
end of the flowmeter circuit (intraportally) led to a rapid rise in portal 
venous pressure but the systemic venous pressure remained unchanged. 

Vasopressin. Vasopressin was tested in three cats (50-1000 m-u.) and in 
each of them caused a slow but prolonged decrease in mesenteric blood 
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Fig. 4. Mesenteric venous blood flow (electromagnetic flowmeter). A, 3-3 kg cat, 
angiotensin 2 ug I.v. at signal; B, 2-3 kg cat, adrenaline wg I.v. at signal; 
C, 1-9 kg cat, vasopressin 150 m-u. at signal. 
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flow (Fig. 4C’). Recovery was incomplete and the effect of repeated doses 
is shown in Fig. 6B. 

Adrenaline. The changes in mesenteric blood flow after intravenous 
injections of adrenaline (2-5—20 yg in eight cats) were variable. There was 
usually an increase in flow (Fig. 4B), but this was sometimes preceded or 
interrupted by a brief decrease. There was a large increase in portal venous 
pressure (Fig. 5B). After intraportal injections of adrenaline the changes 
in blood pressure and mesenteric blood flow were much diminished as 
compared with the changes after injections into the external jugular vein 
and there was a large rise in portal venous pressure. 
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Fig. 5. 3-1kg cat. The effect of angiotensin and adrenaline on portal venous 


pressure and mesenteric venous blood flow (electromagnetic flowmeter). A, angio- 
tensin 2 ug 1.v.; B, adrenaline 20 yg I.v. | 


130 
r A 
E 
90 
O 
E 100 | 
45 
| 
35 
| | 
120 
: 
BP. 
80 
| | 
| 
| 


58 GWENDA R. BARER 


o 


Renal arterial 
blood flow (mi./min) 


400 800 1200 1600 2000 
B Time (sec) 3 


T 


Mesenteric venous blood 
flow (mli./min) 


0 200 400 600 800 
Time (sec) 


Fig. 6. A, 2:7 kg cat. Effect of vasopressin on renal arterial blood flow (measured 
in one of left renal arteries with an electromagnetic flowmeter). 240, 130, 60 and 
130 m-u. into renal artery at arrows. B, 2:3 kg cat. Effect of repeated doses of 
vasopressin on mesenteric venous blood flow (electromagnetic flowmeter). At 
arrows 50, 200, 500 and 100 m-u. I.v. 


Femoral blood flow 


Angiotensin. Injections of angiotensin into the femoral artery caused 
large decreases in femoral arterial blood flow (0-01—1 yg in two cats, Fig. 7B). 
The results of intravenous injections on femoral venous flow in 8 experi- 
ments were variable (Fig. 7A). Sometimes there were two different types 
of response in the same experiment, consisting either of a decrease in 
blood flow, a rise in blood flow, or a fall, a rise and then a second fall. The 
increases in flow were usually less than those caused by comparable doses 
of adrenaline in the same cat and the time relation of the increase was also 
usually different. When there was a delayed rise in femoral venous blood 
flow it coincided with the fall and secondary rise in the blood pressure 
(Fig. 7A). In one cat an intravenous infusion (3 yg in 1 min 40 sec) of 
angiotensin caused a small decrease in femoral venous blood flow, and in 
another cat a similar infusion (0-9 ug in 2 min) caused a slight increase in 
flow. 

Vasopressin. In four cats intravenous injections of vasopressin (30- 
240 m-u.) caused a slowly developing prolonged decrease in femoral venous 
blood flow. Injections into the femoral artery caused a decrease in femoral 
arterial blood flow (6-90 m-u. in one cat). 
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Fig. 7. Femoral blood flow (electromagnetic flowmeter). A, 4:2 kg cat; femoral 
venous blood flow, angiotensin 2 yg 1.v. at signal. B, 3-5 kg cat, femoral arterial 
blood flow, angiotensin 0-05 yg into femoral artery at signal ; C, 4-2 kg cat (same 
cat as A); femoral venous blood flow adrenaline 3 pg 1.v. at signal; D, 3-5 kg cat 
(same cat as B); femoral arterial blood flow adrenaline 0-2 ug into femoral artery 


at signal. 
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Adrenaline. Both intravenous injections (0-025—10 ug in seven cats) and 
injections into the femoral artery (0-2 yg in one cat) caused large increases 
in femoral blood flow (Fig. 7C, D). After intravenous injections the 
increase in blood flow was usually shorter in duration than the rise in 
blood pressure and it was often followed, occasionally preceded, by a 
decrease in femoral blood flow. The increase in flow was always the greater 
effect. In two cats infusions of adrenaline gave rise to increases in flow 
which lasted only a short time compared with the sustained rise in blood 
pressure (2 wg in 2 min, and 9 yg in 1} min). : 


Carotid blood flow 


No reliable method has yet been found of measuring the blood flow to 
the brain alone in the cat, but it was thought worth-while to measure the 
carotid flow in a few experiments. The venous flow in the external jugular 
- veins was measured in two cats but in others the insertion of the flowmeter 
seemed to arrest flow. When the flowmeter is placed in continuity with an 
artery it is difficult to assess the effect of intravenous injections of a drug 
on that region, because its arrival in the region is delayed by the flow- 
meter circuit until changes have occurred elsewhere in the body which 
‘may alter the blood pressure and therefore the blood flow. The delay can 
be estimated, so that account is taken only of those changes in blood flow 
occurring after the drug has had time to reach the region being studied. 

Angiotensin. Injections of angiotensin into the carotid artery decreased 
carotid blood flow (0-1—1 ugin two cats). Intravenous injections (0-2—2 yg in 
eight cats) caused an initial increase in flow attributed to the general rise in 
blood pressure and then a decrease in flow or a return to the original level. 
Sometimes the initial increase in flow seemed larger than could be readily 
explained by delay in the flowmeter circuit. In one experiment the external 
jugular venous flow increased, or increased and then decreased after 
intravenous injections ug). 

Adrenaline. After intravenous injections there was a preliminary rise in 
carotid blood flow, followed usually by a decrease (3-10 pg in eight cats). 


When injected into the carotid artery adrenaline caused a profound 
decrease in blood flow (2 yg.in one cat). 


Coronary blood flow 
The left coronary arterial blood flow was measured in five cats. A long 
glass cannula whose central end was connected to a carotid artery was 
passed down the left subclavian artery through the aorta into the orifice of 
the main left coronary artery (Dawes, 1947). When possible the cannula 
was tied in position by a ligature previously placed round the left coronary 
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artery. The latter sometimes branched almost at once and it was easy to 
obstruct one of the branches with the cannula tip. 
In all five cats injections of angiotensin (1-3 yg) into the loop feeding the 


coronary artery caused a slight decrease in coronary blood tow: followed 
by a rise in blood pressure. 


Pulmonary arterial pressure and pulmonary 
vascular resistance 


Angiotensin. In six cats in which the flow and pressure were measured 
in the main pulmonary artery small doses of angiotensin (0-2-2 yg L.v.), 
sufficient to raise the systemic blood pressure, often caused no change in 
pulmonary arterial pressure. With larger doses of angiotensin pulmonary 
arterial pressure usually rose although often more briefly than systemic 
blood pressure. The rise in pulmonary arterial pressure sometimes coin- 
cided with the second peak in the systemic blood pressure. In another 
seven cats blood flow and pressure were measured in the left pulmonary 
artery and the left atrial pressure was also measured (Barer &' Niisser, 
1957). Injections of angiotensin (0-6—5 yg) into the left pulmonary artery 
caused an increase in pulmonary vascular resistance (44-119 °/) in five cats, 
_ and very small decreases accompanied by an increase in flow in the other 
two cats. The most common result was a decrease in left pulmonary blood 
flow, no change or a slight rise in pulmonary arterial pressure and no change 
or a slight rise in left atrial pressure. is 

Vasopressin. In three cats in which the flow and pressure were measured 
in the main pulmonary artery doses of vasopressin (60-300 m-u.) which 
raised the systemic blood pressure had no significant effect on the pulmonary 
arterial pressure. In four other cats there was no significant change in 
pulmonary arterial pressure, blood flow to the left lung and left atrial 
pressure after injections of vasopressin (60-300 m-u.) into the left pul- 
‘monary artery, but in three of these the systemic pressure was also 
unaffected. 

Adrenaline. The pulmonary arterial pressure was always raised by intra- 
venous doses of adrenaline which caused a rise in blood pressure. The 
increases were greater than after comparable doses of angiotensin. In five 
cats the flow and pressure in the left pulmonary artery and (in three cats) 
the left atrial pressure was measured. Injections of adrenaline (2-20 yg) 
into the left pulmonary artery caused a decrease in calculated pulmonary 
vascular resistance, the blood flow increased, the pulmonary arterial 
pressure rose ‘slightly or fell slightly and the left atrial pressure rose 
slightly. | 
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DISCUSSION 


The three pressor substances, angiotensin, vasopressin and adrenaline, 
differed greatly in their actions on the circulation of the cat. The results of 
adrenaline injections, which were obtained for the purpose of comparison, 
are similar to those obtained by other methods and in other species. There 
was a large increase in cardiac output and a redistribution of blood to 
muscular regions. 

Angiotensin caused no regular henets in cardiac output in the cat, so 
that the rise in systemic blood pressure is attributed to increased peri- 
pheral resistance. Angiotensin increased resistance in every vascular bed 
into which it was injected directly, but in some regions there was sometimes 
an increase in flow after intravenous injections. If the blood flow to the 
kidney and gut is always reduced by angiotensin and the cardiac output 
remains constant, it follows that other regions such as that supplied by the 
femoral artery will receive more blood in spite of partial vasoconstriction. 
Thus there is some redistribution of blood flow. The variable changes in 
femoral blood flow after intravenous injections of angiotensin can thus be 
explained in terms of weak local vasoconstriction combined with a rise 
in blood pressure, the time relations of the two processes being different. 
The possibility also cannot be excluded that small portions of the vascular 
bed supplied by the femoral and carotid arteries may be dilated by angio- 
tensin. Angiotensin had a mild constrictor action on the coronary and 
pulmonary blood vessels, and probably some action on the hepatic vessels. 
Some of the delayed changes in cardiac output and regional blood flow 
after angiotensin may also have been caused by reflexes initiated by the 
rise in blood pressure. 

The results are in agreement with those of earlier workers, who concluded 
that angiotensin extracted from natural sources caused vasoconstriction 
in all systemic vascular beds (Braun-Menéndez, 1956; Green & Kepchar, 
1959). Similarly, synthetic angiotensins caused vasoconstriction in the 
rabbit’s ear and hind paw (Meier, Tripod & Studer, 1958), the coronary and 
femoral arteries of dogs (Bianchi, de Schaepdryver, de Vleeschhouwer & 
Preziosi, 1960), and the skin and muscle of man (Bock & Krecke, 1958; 
Bock, Krecke & Kuhn, 1958; Bock, Dengler, Krecke & Reichel, 1958). The 
latter also observed an antidiuretic effect and changes in K+ excretion 
with extraordinarily low concentrations of angiotensin. However, angio- 
tensin had no local effect comparable with that of adrenaline on the wall 
of the carotid sinus (McCubbin, Page & Bumpus, 1957; Bianchi et al. 1960). 

There have been a number of reports suggesting that, in man, angio- 
tensin causes a decrease in cardiac output. Using natural angiotensin, 
Bradley & Parker (1941) and Wilkins & Duncan (1941) concluded from 
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ballistocardiograms that there was a decrease in minute volume. Using 
synthetic isoleucine angiotensin, Gersmeyer, Spitzbarth & Weyland (1958) 
calculated from measurements of the pressure pulses that the minute 
volume decreased, mainly owing to bradycardia. G. de J. Lee (personal 
communication) showed that synthetic valine angiotensin caused a fall in 
cardiac output of 24° in normal males, using the dye method; in three 
other subjects, using the Fick method, a fall of 12°/ was found. In both 
series the fall in cardiac output was mainly due to bradycardia; the 
systemic vascular resistance increased by 70°%. However, Sancetta (1960) 
using purified natural decapeptide angiotensin found no change in cardiac 
output measured by the Fick principle and no change in pulmonary vascular 
resistance. Thus there seems to be some difference between the effects of 
angiotensin on the cardiac output of anaesthetized cats and most of the 
reported effects on unanaesthetized man. There is also a discrepancy 
between the observations on man by Sancetta (1960) and on dogs by Bianchi 
et al. (1960), who found the pulmonary blood vessels insensitive to angio- 
tensin, and those on man by Lee (personal communication), who calculated 
that some pulmonary vasoconstriction had taken place. The more direct 
observations on cats support the latter conclusion, although the pulmonary 
blood vessels appeared to be less sensitive to angiotensin than the systemic 
vessels. 

Vasopressin had no constant effect on the cardiac output in cats; all the — 
vascular beds examined were constricted by it except the renal, which was 
greatly dilated. Previous work also has shown that vasopressin is a 
powerful vasoconstrictor (Pickford, 1952; Thorn, 1958), except for one 
observation that the pial vessels were dilated (Forbes, Finley & Mason, 
1933) and some conflicting observations on the kidney. Walker, Schmidt, 
Kendall & Johnson (1937) observed a large rise in renal blood flow 
(measured with a Rein type of thermostromuhr) after injection of Pitressin 
(vasopressin; Parke, Davis) in 3 out of 20 unanaesthetized dogs and rabbits. . 
Handowsky & Samaan (1937), also using a thermostromuhr, observed an 
initial reduction followed by a large increase in renal blood flow after large 
but not after small doses of Pitressin in unanaesthetized dogs. Wakim, 
Herrick, Baldes & Mann (1942) found that Pitressin caused a profound 
decrease in renal blood flow measured with a similar instrument in 
conscious and anaesthetized dogs, but in the former there sometimes 
. followed a prolonged rise. In 1946 Dicker & Heller showed that either 
Pitocin (oxytocin; Parke, Davis) 3 m-u./kg, or Pitressin 0-3 m-u., but not 
Pitressin. 3 m-u./kg caused large increases in renal plasma flow and 
glomerular. filtration rate derived from inulin and diodone clearances. 
They explained their results on the grounds of contamination of the one 
hormone by the other. Maxwell & Breed (1951) found that large but not 
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small doses of Pitressin reduced the renal plasma flow and glomerular 
filtration rate measured by clearance methods in man. Brooks & Pickford 
(1958) demonstrated by renal clearance methods that highly purified 
oxytocin and synthetic oxytocin caused powerful renal vasodilatation in 
conscious dogs which was prevented by the injection of arginine vaso- 
pressin; arginine vasopressin alone did not affect renal plasma flow. Ali 
(1958), also by renal clearance methods, showed that lysine vasopressin 
did not prevent the increase in renal plasma flow caused by oxytocin, but 
he did not record the effect of lysine vasopressin alone. Demunbrun, 
Keller, Levkoff & Purser (1954) showed, again by clearance methods, that 
highly purified oxytocin could restore to normal the renal plasma flow, 
glomerular filtration rate and tubular maxima which had been pro- 
foundly reduced by hypophysectomy. Most of these results can be ex- 
plained on the grounds that oxytocin is a powerful renal vasodilator which 
is antagonized in this as in other respects (Brooks & Pickford, 1958) by 
vasopressin, that vasopressin sometimes causes renal vasoconstriction, and 
that natural extracts may contain mixtures of the two hormones. The 
present results on lysine vasopressin (the natural hormone in the hog) 
suggest that it differs functionally as well as chemically from the hormone 
of other species. If, as is thought probable, vasopressin and oxytocin are 


normally released together, this transfer of functions from the one hormone _ 


to the other in the hog compared with other species would be less signifi- 
cant. There seems to be general agreement that the changes in renal blood 
flow caused by posterior pituitary hormones cannot be correlated with 
their effects on urine formation. 


SUMMARY 


1. In cats anaesthetized with chloralose the actions of synthetic angio- 
tensin, synthetic lysine vasopressin and adrenaline on blood pressure, 
right heart output and regional blood flow have been compared. 

2. There were no constant changes in cardiac output after angiotensin 
and vasopressin but adrenaline caused a rise. 

3. The rise in blood pressure caused by angiotensin and vasopressin was 
mainly due to increased peripheral resistance. Adrenaline usually caused 


a biphasic increase in total peripheral resistance so that at different times — 


during the rise in blood pressure this was predominantly due to increased 
cardiac output or to increased peripheral resistance. 

4. Angiotensin constricted the renal and mesenteric vascular beds 
strongly, the femoral carotid pulmonary and coronary vascular beds 


probably less strongly. The existence of small vascular beds which could - 


be dilated by angiotensin could not be excluded. The pulmonary vascular 


| 
j 
| 
+ 
& | 
| 
| 
| 
| 


COMPARISON OF PRESSOR HORMONES IN-CAT 65 


bed appeared to be less sensitive to angiotensin than the systemic vascular 
bed. 


5. Lysine vasopressin constricted the mesenteric and femoral vascular 


beds, had no significant effect on the pulmonary vascular bed, and caused 
a profound dilatation in the renal vascular bed. 

6. Adrenaline constricted the renal and carotid vascular beds; there 
were variable effects on the mesenteric vessels. The femoral area was both 
dilated and constricted, the former predominating. The pulmonary 
arterial pressure was raised much more than by comparable doses of 
angiotensin, but the pulmonary vascular resistance was reduced —— to 
a combination of factors. 

7. As far as a comparison is possibie, angiotensin appears to be five to 
ten times as powerful, weight for weight, in raising the blood pressure as 
adrenaline in the cat. 


The generous gifts of angiotensin (synthesized by Ciba, Basel) from Professor Sir George 
Pickering and of lysine vasopressin from Professor Vincent du Vigneaud are acknowledged 
with much gratitude. I am very grateful to Dr G. 8S. Dawes for continuous help and criticism 
of both the work and manuscript and to Professor Sir George Pickering for his helpful advice. 
Dr D. G. Wyatt has provided invaluable help on physical problems and been most generous 
in the loan of his instrument. Mr A. Ryder, Mr H. Eldridge and Mr G. Smith are thanked for 
their expert technical assistance. 
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EFFECTS OF HYALURONIC ACID UPON DIFFUSION OF 
SOLUTES AND FLOW OF SOLVENT 


By A. G. OGSTON* anv T. F. SHERMAN} 
From the Department of Biochemistry, University of Oxford 


(Received 5 September 1960) 


Day (1950, 1952) showed that hyaluronic acid plays an important part 
in the resistance of connective tissue to the flow of fluid through it. Other 
workers (Krogh, 1919; Wright, 1934; Harris & Burn, 1949; Paulson, 
Sylven, Hirsch & Snellman, 1951) have found that the diffusion of solutes 
occurs considerably more slowly through connective tissue than through 
water: this may be due in part to hyaluronic acid, which is known (Meyer, 
Davidson, Linker & Hoffman, 1956; Rogers, 1961) to be widely distributed 
in connective tissues. Ogston & Phelps (1961) have shown that hyaluronic 
acid has an important effect on the distribution of solutes between buffer 


_ solutions and those containing hyaluronic acid, and that the mechanism of 


this effect is probably steric. 

The heterogeneity of samples of connective tissue would make it difficult 
to relate effects on diffusion or flow to their composition. We therefore 
decided to make measurements on homogeneous systems, particularly on 
solutions of hyaluronic acid, whose compositions are exactly known: con- 
centrations of hyaluronic acid were used which were not greater than those 
known to exist in one type of connective tissue, Wharton’s jelly, (Sherman, 
personal communication). Serum albumin, synthetic polyglucose, and 
glucose were used as representative diffusing solutes. The results, though 


preliminary and needing extension, show that hyaluronic acid has im- 


portant effects on both diffusion and flow and therefore presumably plays 
a part in determining the permeability of connective tissue. 


METHODS 


Measurement of diffusion coefficients. Diffusion runs were carried out with a cylindrical 
Perspex cell (Fig. 1) containing two compartments (upper and lower) of 1 cm internal radius. 
The lower compartment (height 0-5 cm) was separated from the upper compartment by a 
Millipore (Millipore Filter Corporation) HA-type membrane (pore size 0-45 my), which was 
sealed in place with ‘Evostik’ (Erode Ltd), rubber adhesive; the lower compartment could 


* Present address: Department of Physical Biochemistry, John Curtin School of Medical 
Research, Australian National University, Canberra, A.C.T. 

t Present address: Department of Zoology, Oberlin College, Oberlin, Ohio, U.S.A. 
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be filled by means of a syringe inserted through an opening (fitted with a screw plug) on the 
side of the chamber. During a diffusion run the solution in the bottom chamber remained 
unstirred, but the top chamber was stirred by a glass rod rotated by a small electric motor, 
which was mounted in such a way that no heat or vibration was transferred from the motor 


d 
b 
b c 

Fig. 1 Fig. 2 


Fig. 1. Diagram of diffusion cell. a, Top chamber, which contains buffer solution ; 
b, lower chamber, which contains diffusing solute and buffer (or hyaluronic acid) 
solution; c, Millipore HA membrane; d, stirrer. 


Fig. 2. Apparatus for measuring flow of solvent through solutions of hyaluronic 
acid: The hyaluronic acid solution is placed in chamber a between the Millipore 
membranes c; chamber a is filled by means of a syringe through a screw plug (not 
shown); chamber b is filled with buffer solution through funnel e until a meniscus 
reaches the horizontal part of tube f; the rubber tube from e is then closed with 
clip d. The buffer solution flows from f, through chambers b and a and membranes ¢, 
trickling out through g, under a total head of 25-7 cm of water. The rate of isl is 
obtained from the movement of the meniscus in f. 


to the diffusion cell. The apparatus was used at room temperature, but the temperature 
of the room in which it was used varied only slightly, and the apparatus was located in a 
protected corner away from any sources of heat or possible draughts. The thick (1 cm) 
Perspex wall of the cell provided considerable insulation from temperature changes. 
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A thermometer was placed just to one side of the outer wall of the cell, and during the 
course of a | hr run the air temperature did not change by more than 0-3° C. 

The procedure for a diffusion run was as follows: The cell was held horizontally and the 
bottom chamber was filled by a syringe with the buffered solution ((m) Na,HPO, 0-0077, 
KH, PO, 0-0023, NaCl 0-2; pH 7-3). This solution contained either (a) the diffusing substance 
alone, or (b) the diffusing substance plus hyaluronic acid complex. The cell was then rotated 
to its normal vertical position, and the top of the membrane separating the two chambers 
was swabbed with cellulose tissue. The cell was placed under the stirrer, the end of which was 
fixed about 3 mm above the membrane. After a 5 min period the stirrer was started, and, at 
zero time, 4 ml. of buffer solution was pipetted into the top chamber, care being taken to run 
the solution down the side of the chamber wall to prevent undue disturbance of the mem- 
brane, At the end of a given period of time, the cell was quickly removed and tilted to pour 
off the contents of the top chamber; this solution was then analysed forthe diffusing sub- 
stance. It was found that the most reproducible results were obtained when the main 
diffusion run was preceded by two very short runs (usually 3 min each), the membrane being 
swabbed dry after each, and the result obtained from the second of these short runs being 
subtracted from that of the main run. 

The experimentally determined data were, therefore, the concentrations of diffusing sub- 
stance found in the solution in the top chamber after a measured length of time. This con- 
centration was expressed in the same terms as those used for the original solution in the 
lower chamber; for dinitrophenol (DNP)-labelled serum albumin this was expressed as 
absorption (at 360 my), for “C-labelled polyglucose as counts min-!.ml.~!, and for glucose 
as mg/ml. The approximate initial concentrations used were: DNP-labelled serum albumin, 
1:25-2 g/100 mL: polyglucose, less than 1 g/100 ml. 

Interpretation of the diffusion measurements. The method used is based upon the diffusion 
of material out of a semi-infinite medium into one (the stirred compartment) in which the 
concentration is maintained uniform. The actual case is, however, more complex than this in 
three respects: 

(i) The medium from which diffusion occurs is not infinite in extent. The effects of this 
were minimized by choosing diffusion times such that the concentration of solute at the 
distant boundary would have changed at the end of the experiment by less than 5% from 
the initial value. 

(ii) The concentration in the stirred compartment increases with time. Allowance is 
made for this by successive approximation by means of equations 3-13 to 3-21 of Crank 
(1956). This leads to the expression 7 


M = 2AC [2 (Dt/m)t— ADt/V +442CD! —...], (1) 


where M is the amount of material that has diffused out of the unstirred compartment at 
time t, CO is the initial concentration in the unstirred compartment, A the cross-sectional 
area, V the volume of the stirred compartment, and D the diffusion coefficient in the un- 
stirred compartment. Under the conditions used, the third and higher terms of equation (1) 
were insignificant, and equation (1) could, therefore, be solved directly as a quadratic in D}. 

(iii) The medium from which diffusion is taking place is compound, consisting of a mom- 
brane and hyaluronic acid solution. The value of D obtained by equation (1) is, therefore, an 
apparent value D, which is compounded of the value in the membrane (D,) and that in the 
hyaluronic acid solution (D,). According-to equation 3-57 of Crank (1956), 


D,t\* D,t\! (n2l?/D o|-45 ” erfe 2) 


n=1 


where lis the thickness of the membrane, « = (1—[D,/D,]#)/(1 +[D,/D2}*) and erfe = 1—erf. 


(erfz = the error function = =f. edn, see Crank loc. cit.) Under the conditions of time 
0 


used, the approximation given by Crank (equation 3-58) could not be used. 
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In practice therefore, two measurements were always made with the same membrane: 
the first with the solute in buffer solution, the second with the solute in hyaluronic acid 
solution. In the first experiment, when the diffusion coefficient in buffer solution (D,) is 
known the value of that for the membrane (D,) is computed from the measured value of D, 
by means of equation (2); this involves comparison of the left-hand side of the equation 
with the right-hand side, choosing a range of assumed values of D, and interpolating the 
value of D, which makes the two sides equal: the sum terms in equation (2) converge rapidly 
and values of n only up to 3 are needed. In the second experiment, the same vaiue of D, is 
assumed to hold; the right-hand side of equation (2) is then computed for a range of values 
of D, (i.e. of «) and the value of D, is obtained by interpolating the measured value of the 
left-hand side in the plot of the value of the right-hand side against «. (It should be noted 
that Crank’s Fig. 3-8 could not be used for this purpose; Dr Crank agrees with us that an 
error was made in computing the curves in that figure, other than that for D,/D, = 1). This 
method of calculating D, is not strictly valid (though the results are likely to be approxi- 
mately correct), since equation (1) applies strictly to diffusion out of a single homogeneous 
medium. 

The diffusion coefficients calculated by means of this equation were corrected to 20° C 
(from the temperature, 7, at which the run was cxcarns out) by using the following 


where 7/7 is the ratio of the viscosity of water at the experimental temperature to the 
viscosity of water at 20°C. The temperature correction factor is about 2-5% per degree 
deviation from 20° C. 

Measurement of flow through solutions of hyaluronic acid complex. The apparatus (Fig. 2) 
consisted essentially of three Perspex rings (1 cm internal radius), the middle one of which 
(height 1-2 cm) was separated from the others by Millipore HA-type membranes sealed with 
‘Evostik’ cement. The top cylinder was connected to a filling tube and to an L-shaped piece 
of glass tubing, the latter «f which served to increase the height of the column of fluid (from 
the bottom of the middle chamber) to 25-7 cm, and to maintain steady this pressure head 
during the course of an experiment. Flow was measured by timing the excursion of a 
meniscus along the horizontal arm of this tube; the tube was calibrated by weighing the 
mercury which occupied a measured length of the tube. Experiments were performed by 
filling the middle chamber with a solution of hyaluronic acid complex (or of buffer solution 
alone) by means of a syringe inserted through a side hole, by filling the top chamber with 
buffer solution (see Methods) through the filling tube, and by measuring the flow rate in the 
horizontal arm. 

Isolation of hyaluronic acid complex. This was accomplished by the ultrafiltration method 
described by Ogston & Stanier (1950). Synovial fluid was collected from the astragalotibial 
joints of oxen soon after death, and was centrifuged in a Spinco model-L ultracentrifuge at 
73,000 g for 60 min. to remove particulate matter.: Hyaluronic acid—protein complex (con- 
stituting approximately 3 parts by weight of hyaluronic acid to 1 part of protein) was 
separated by filtration, with about nine washings, at 4° C, on a 5-on-3 sintered-glass filter 
of 1 yp (or less) average pore diameter (Baird and Tatlock Ltd). The buffer solution used for 
washing was composed as described in Methods. The complex was finally dissolved in this 
_ buffer solution to a much lesser volume than the original Ks haga fluid, and was centrifuged 

at 73,000 g for about 60 min. 

Preparation and estimation of dinitrophenol (DNP)-labelled serum albumin. Preparation 
was carried out by the method described by Ogston & Phelps (1961). DNP-labelled serum 
albumin was estimated by measuring the extinction of the solution at 360 mp. For the 
diffusion measurements, concentrations of the DNP-labelled serum albumin were expresse«| 
in terms of the absorption at 360 my, although this could be approximately translated to 
g/ml. from the knowledge of the extinction of the original preparations; thus a preparation 
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of approximately 0-93 g/100 ml. (calculated from the volumes used in perepennciens) DNP.- 
labelled serum albumin had an extinction of 5-1 in a 1 em light-path. 


C-labelled polyglucose and its estimation. C-labelled polyglucose was kindly supplied by 


Mr C. F. Phelps from material prepared by a cyanohydrin reaction of acidified “C-labelled 


KON with polyglucose. The 'C-labelled polyglucose was exhaustiv ely dialysed before use to 
remove any small molecular components. The material, though polydisperse, had an esti- 
mated weight average molecular weight of about 33,000. 

Estimation of “C-labelled polyglucose consisted solely of measuring the radioactivity of 
the unknown solution, as concentration of polyglucose was expressed in the diffusion 
measurements in terms of radioactivity. The radioactivities of dried samples of the unknown 
solutions were measured with a Geiger-Muller counter of end-window type; the original 
solution had a measurable radioactivity of 184,000 counts/min. ml. 

Estimation of glucose. This was done by the method of Nelson (1944) and Somogyi (1945), 
exactly as described by them. 


RESULTS 
Diffusion coefficients 

Preliminary tests. The lower solution consisted of a 2° gelatin gel, con- 
taining glucose or sodium chloride; no membrane was used. The apparent 
diffusion coefficients agreed closely with published values in water; it is to 
be expected from the data of Friedman & Kraemer (1930) that 2°% gelatin 
would have little effect on the diffusion of small molecules. 

Diffusion coefficients in hyaluronic acid. The results are given in Table 1. 
D, values could not be calculated for polyglucose, as no value of its diffu- 
sion coefficient in water was available. The diffusion coefficient (at 20° C) 
of serum albumin was taken as 6-1 x 10-7 cm?/sec (Kekwick, 1938), and 
that of glucose as 5-9x10-*cm?/sec (Friedman & Carpenter, 1939). 
A single experiment was also done on the diffusion of serum albumin in 


_ water and in a gel made by heating a 0-3 % solution of soluble collagen to 
37° C; the values of D,, were almost identical, showing that collagen gel of 


this concentration has little effect. 
Flow through solutions of hyaluronic acid. The results are given in Table 2. 


DISCUSSION 


Diffusion of solutes through hyaluronic acid. Because of the configuration 
of hyaluronic acid, as a flexible chain polymer of very great molecular 
weight (Blumberg & Ogston, 1958), even a very dilute solution of it con- 
sists of a continuous entangled meshwork rather than of separate molecules 
(see Balazs, 1958). Ogston & Phelps (1961) have shown that the effect of 
hyaluronic acid on the equilibrium distribution of solutes is consistent with 
this picture. It should be expected that randomly-moving diffusing 
particles would meet with resistance from such a structure, the greater the 
higher the concentration of hyaluronic acid (that is, the smaller the mesh) 
and the larger the diffusing particles. Our measurements support these 
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TaBLeE 1. Diffusion coefficients of solutes in solutions of hyaluronic acid 


Expt. 107.D, 107.D, 
no. Cyac Solute t(min) M/V = (cm*/sec) (om?/sec) D,/D, 
I Serum albumin 6:37 55 0-181 $12. $17 6-1 1-00 
0-2 6-40 0-155 213 2-28 163 0-27 
0-4 6-40 0-144 21-2 1:97 094 O15 
0-6 6-52 0-133 21-2 161 045 0-07 
0:8 6-40 0-123 21-0 1:44 028 0-05 
II  Serumalbumin 10-75 57 0-240 20-0 1-92 6-1 1-00 
0-3 10°75 0-219 20-3 1:58 2-09 0-34 
0-6 10°75 0-205 20-5 1:38 0:95 0-16 
III 0  Polyglucose 19,380 180 1780* 21:3 10-7 
0:25 19,380 1475* ‘21-2 76 
IV 0 Glucose 10-0 27 0396 20-4 130 59-0 1-00 
0-2 10-0 0-390 215 122 437 0-74 
0-4 10-0 0-391 216 123 44-6 0-76 
0-6 10-0 0-376 22:0 11-2 30-2 0-51 
0-8 10-0. 0-358 221 10-2 20-9 0-35 
V 0. Serum albumin 10-03 
0-34 10-01 0-211 20-0 1-71 


Cyac, concentration ‘of hyluronic acid complex. 

t, duration of diffusion run. 

M/V, final concentration of solute in top compartment expressed as follows: DNP— 
serum albumin, extinction at 360 my; “C—polyglucose, counts/min/ml.; glucose, mg/ml. 
~ C,, initial concentration of solute in same units as M/V. 

T’, temperature of diffusion run. 

D,, apparent diffusion coefficient at 20° C. 

D, diffusion coefficient corrected for membrane. 

D,/D,,, diffusion coefficient in hyaluronic acid solution/same in buffer actetien. 

* These values represent the mean of five runs; standard deviation for both groups 
was 3%. + This experiment was done with a collagen gel, with no hyalurenic acid present; 
concentration given is that of collagen. 


TaBLE.2. Rate of buffer flow through solutions of hyaluronic acid 


Concentration of 
hyaluronic acid 


(g/100 ml.) ; .Flow rate 
0 1 cm/sec = 0-03 ml./sec 
0-28 1 cm/235 sec = 12-1 x 10-5 ml./sec 
0-56 1 cm/324 sec = 8-8 x 10-5 ml./sec 
0-84 -] cm/445 sec = 


6-4 x 10-° ml. /sec 


qualitative predictions. It is tempting to try to provide a more quantita- 
tive interpretation but this would not be justified at present; the results 
which we have are too few and, as their variation between experiments 
shows, not accurate enough. This inaccuracy is due in part to the need for 
estimating D, from Dx, with the assumption that D, does not change 
between, successive experiments; as Table 1 shows, a variation of Dx 
implies a larger variation of D,, whose value is, therefore, rather sensitive 
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to that of D,.. It is hoped to extend and improve the accuracy of such 
measurements, perhaps by using a steady-flow method. 

Flow through hyaluronic acid solution. The experiments described com- 
pare the rate of flow of solvent (water plus buffer salts) through two 
Millipore membranes, with the flow of solvent when the region between 
the membranes is occupied by solutions of hyaluronic acid. In the former 
case, the solvent between the membranes flows through a wide cylindrical 
tube, without other hindrance than that of its walls, which is negligible. 
In the latter case, flow of solvent occurs through the hyaluronic acid mesh- 
work, which is itself immobilized by the lower membrane: the very greatly 
reduced rates of flow show that the immobilized hyaluronic acid is here 
playing a major part in providing resistance to the flow of solvent. 
Sullivan & Hertel (1942) have treated the similar case of flow of fluid 
through porous plugs by considering the plug as equivalent to a set of 
narrow tortuous capillaries; but again the application of a detailed theory 
does not seem worth while at present. 

Physiological considerations. Both sets of experiments show qualita- 
tively that hyaluronic acid (or material of similar configuration) can be 
expected to have large effects both on the diffusion of solutes in tissue 
spaces and on the flow of fluid through them. A large part of the resistance 
to exchange between blood capillaries and cells or lymphatic capillaries 
may: thus reside in the spaces themselves rather than in the vessel walls. 
The large effect of hyaluronidase on the flow of fluid in connective tissue, 
and Day’s (1952) experiments on flow through fascia, are understandable | 
in these terms. Quantitative assessment of this contribution to resistance 
will need further investigation. | 

It is interesting that a collagen network alone has relatively little effect 
on diffusion. Since its fibres are much thicker than those of hyaluronic 
acid (500-1000A as compared with about 8 A) it forms, at comparable 
concentration, a much coarser meshwork through which both diffusion and 
flow can occur relatively easily. A collagen network can, however, as 
Fessler (1957) has pointed out, serve to immobilize hyaluronic acid by 
penetrating the hyaluronic acid meshwork and so, at second hand, to — 


immobilize water and solutes. 


SUMMARY 


1. The rates of diffusion of glucose, polyglucose and serum albumin in 
solutions of hyaluronic acid have been measured; the hyaluronic acid 
markedly reduces the diffusion rates, increasingly with the concentration 
of hyaluronic acid and the molecular sizes of the diffusing solutes. A gel of 
collagen has little effect on diffusion. 
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2. Hyaluronic acid is shown to have a large effect on the bulk flow of 
solvent through solutions which contain it. 
3. The physiological implications of these results are briefly discussed. 


We are grateful to the Arthritis and Rheumatism Foundation, New York, for a Pre- 
doctoral Fellowship held by one of us (T.F.S.), and to Dr J. Crank for advice. 
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The response of motoneurones to slowly changing or steady stimuli is 
of interest for the understanding of their function, because ventral horn 
cells are thought to be continually subject to a varying degree of excitation 
and inhibition. Fuortes & Hubel (1956), Fuortes (1957) and Kolmodin & 
Skoglund (1958) considered that sustained facilitation as well as rhyth- 
mical reflex firing are due to a steady synaptic drive. Frank & Fuortes 
(1956) have observed slow spontaneous changes in the level of the mem- 
_ brane potential of a motoneurone more or less paralleled by variations of 
its electric threshold, and in the same paper described experiments indica- _ 
ting that motoneurones of the cat accommodate to subliminal d.c. pulses 
only to a very limited degree. This is in keeping with the implications of 
earlier experiments by Barron & Matthews (1938) and by Fuortes (1954) 
showing that ‘ascending polarization’ with direct currents can cause 
continued firing of ventral horn cells. However, Araki & Otani (1959) 
found appreciable accommodation of single motoneurones in the toad to 
exponentially blunted current pulses. These authors found two types of 
response which they attributed to genesis of the impulse at different loci 
within the cell, the initial axonal segment when accommodation was fast, 
and the soma-dendritic membrane when it was slow. 

The main subject of the study presented in this paper was the response 
of single mammalian motoneurones to linearly rising (‘triangular’) and 
suprathreshold constant-intensity (‘rectangular’) current pulses. In 
addition, the accommodation of single motor axons has been studied by 
intracellular stimulation, and also by stimulating ventral roots or peri- 
pheral nerves and using the antidromically conducted spike recorded in 
the impaled central portion of the motoneurone to monitor the unitary 
response. 

A preliminary report of some of the results has already appeared 
(Somjen & Bradley, 1959). 
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METHODS 


White or hooded rats weighing 300-400 g were anaesthetized with pentobarbitone 
(Sagatal, May and Baker; 65 mg/kg body weight intraperitoneally, initially, supplemented 
if necessary with small additional doses at about 2-4 hr intervals). Laminectomy was 
performed over the entire lumbar section of the vertebral column, and the spinal roots from 
L3 to L6 were cut at their exit from the vertebral canal and dissected up to near their 
junctions with the cord. L4 and L5 segments were selected in most experiments for the 
purpose of recording and stimulation, because of the suitable size and length of the roots, 
which in rats are the main origin of the branches of the sciatic nerve to the leg. In some 
experiments the ventral roots were left intact and the sciatic nerve in the thigh was pre- 
pared for antidromic stimulation. The pia mater was peeled off the dorsolateral surface of 
the cord at the site chosen for micro-electrode entry. To limit venous bleeding during the 
laminectomy the rats were held entirely suspended, with clamps holding the head, the 
spinous process of the vertebra prominens, and the root of the tail. Two further pairs of 
clamps were inserted after comipletion of the laminectomy, one pair holding the body of the 
vertebra on each side at the level of micro-electrode insertion, another two segments 
caudally. The limbs of the rat were now raised to the level of the animal’s body so that the 
ventral skin was stretched, lending support to the abdominal contents. This manoeuvre, 
which is designed to prevent pooling of blood in dependent parts, was found essential for 
sufficient survival time of the preparation. To reduce movements of the spinal cord caused 
by venous pressure changes an open pneumothorax was then made on one side, D-tubocura- 
rine (0-1 mg/kg body weight) injected intraperitoneally and artificial respiration started 
with 95% 0O,+5% CO,. A small Starling ‘Ideal’ pump was used, set to a rate of approxi- 
mately 2 strokes/sec, and the volume was adjusted until excursions of the thorax were just 
visible. A paraffin pool was formed over all exposed nervous tissue and two small baftery- 
powered heating coils encased in bent glass tubes kept the temperature of the paraffin 
between 37 and 38° C unless otherwise stated in the text. The dissection took about 2 hr. 

Cats were used either in the acutely decapitate state or under pentobarbitone anaesthesia. 
The lower four lumbar vertebrae were opened and the appropriate dorsal and ventral roots 
severed and dissected up to the cord. L7 segment was usually used for micro-electrode 
recording. In some experiments the ventral roots were left intact and one or both branches 


of the popliteal nerve, or the nerve to the biceps-semitendinosus muscles, used for anti- ., 


dromic stimulation. Bilateral pneumothorax and full curarization ensured sufficient 
immobilization of the preparation for micro-electrode work. In the last experiments 
C-Toxiferin (Hoffman-laRoche) was used instead of tubocurarine, because this drug effects 
longer-lasting relaxation and its effect on the arterial blood pressure is negligible. 

Single micropipettes filled with 3M-KCl and of 10-30 MQ resistance were used both for 
recording from, and for passing current through the membrane of impaled motoneurones. 
A bridge circuit, similar to that described by Frank & Fuortes (1956) was used to minimize 
stimulus artifact. Potentials from impaled cells were fed via a cathode-follower input stage 
to conventional amplifiers, which were used AC-coupled and single ended in most experi- 
ments of the present series. The stimulator could provide linearly rising (‘triangular’) or 
d.c. (‘rectangular’) current pulses, or currents linearly rising to a plateau with an abrupt 
cut-off at the end. The rise time, the final strength and plateau duration of the current 
could be controlled independently ; details of the stimulating circuit will be published else- 
where. A radio-frequency coupling unit kept the preparation isolated from the earth 
connexion of the stimulator. The stimulating current was monitored by taking off the 
potential between the junction point of the bridge circuit and ground (Frank & Fuortes, 
_ 1956, ‘method 1’) and displaying it after DC amplification on the second beam of the main 
recording unit. In those experiments where graded stimuli were applied to the ventral root 
a resistor of either 200 kQ or 1 MQ was placed in series with the root and the stimulus isola- 
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tion unit, and the potential across this resistance, or part of it, was displayed on the second 
beam for the purpose of measuring the stimulating current. All metal-—fluid junctions carrying 
current were established by means of chlorided coarse silver wire. 


RESULTS 
General characteristics of records from rat motoneurones 


It was found that the rat is a suitable animal for investigating the 
function of the spinal cord, particularly if the number of experiments 
wanted is relatively large and the required dissection simple. The prepara- 
tions remain in good condition to provide at least 5 hr for recording, and 
single cells can be held impaled for periods of from 15 to 90min. Moto- 
neurones are about 30, in diameter in thionine-stained sections. On the 
average, the amplitude of the orthodromically or antidromically elicited 
spikes was smaller in rat than in cat motoneurones, but values up ‘to 
about 100 mV have been observed, and it is likely that the smaller 
average amplitude is due to the fact that a larger proportion of cells is 
partially depolarized because rats’ motoneurones are smaller than ventral 
horn cells of the cat. Resting potentials have not been systematically 
recorded, but Somjen & Gill (1958) found that although the mean resting 


_ membrane potential appeared smaller, values as high as the highest in 


cats’ ventral horn cells were frequently encountered. The threshold for 
monosynaptic discharge in response to dorsal root stimulation appeared 
to vary between 4 and 15 mV. The duration of the positive after-potential 


_(after-hyperpolarization) was shorter than in the cat, and lay between 


30 and 75 msec (Fig. 1). Probably related to the relatively short positive 
after-potential is the tendency to fire repetitively at a rate faster than that 
usually found in cat motoneurones. Tetanic stimulation of the dorsal root 


at a frequency of 450/sec with shocks strong enough to elicit a large 


polysynaptic reflex caused some cells to fire up to 14 impulses in the first 
100 msec. The rate of firing tended to slow down, but fairly high average 
frequencies (e.g. 50/sec) could be maintained in response to dorsal root 
tetanization lasting for 1 sec. In other motoneurones, however, it was 
difficult or impossible to evoke sustained repetitive discharge by dorsal 
root tetanization. Strength—latency curves for responses to rectangular 
current pulses have been plotted for a small number of motoneurones. 
The time constants derived from these curves lay in the range reported 
for cat motoneurones (Frank & Fuortes, 1956; Coombs, Curtis & Eccles, 
1959). 
The accommodation curves of motoneurones 

When a current rising linearly to sufficient strength was applied re- 
peatedly to a motoneurone, the threshold at which an impulse was dis- 
charged fluctuated widely. Therefore to obtain a measure of the degree 
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and approximate time course of the accommodation process of the cell, 
‘triangular’ current pulses of 5-7 different gradients were delivered re- 


peatedly and in random order at 2 sec intervals to the impaled moto- | 


neurone via the recording micropipette, and the mean latency and current 
strength at which the first spike occurred was determined for each current 
gradient. Samples of records obtained by intracellular stimulation with 
linearly rising currents are given in Fig. 2. From records such as those 
of Fig. 2 it was easy to measure the interval from the start of the triangular 
current pulse to the moment of origin of the spike, i.e the latency. The 
strength of the current at that moment was read off and each filled circle 
_ of Fig. 3 represents the average of 4-12 observations of latency and strength 
with a fixed rate of current rise. This rate is shown by the slope of the 


straight line drawn through each point, for that line produced passes’ 


1 msec 


Fig. 1. Comparison of positive after-potentials (after-hyperpolarization) of a moto- 
neurone of a rat and of a cat. A: superimposed records of the response to a just 
subliminal and a just liminal stimulus to the ventral root of 4 rat. B: just liminal 
stimulus to the ventral root of a cat (recorded at higher gain than A). 


through the origin (strength zero, latency zero). Individual observations 
showed some variation, but all lay upon the short segment of line shown. 
In most motoneurones it was found that the accommodation process 
was limited both in time and extent. After the initial descending limb the 
curve comes to a minimum value at 8-20 msec latency, then rises at a 
variable slope to a variable degree to reach an apparent ceiling at 40- 
80 msec latency, after which little or no increase in threshold occurs. The 
term ‘ceiling’ is used in this report to mean the current value to which the 
curve tends at long intervals, expressed in absolute units or as a multiple 
_ of the rheobase. The slope of the ascending part of the curve is loosely corre- 
lated with the ceiling of the threshold rise, as may be seen in Table 1. Only 
values obtained from rat motoneurones have been included in Table 1 for 
the sake of homogeneity of material, but the curves of cat motoneurones 
had very similar shapes. The large scatter of values may be partly due 
to the inaccuracy of the method, because owing to the constant fluctuation 
of excitability of the cells the measurements of both the rheobase and the 


slope are only approximations. Related to the slope of threshold rise was _ 


or 
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the utilization time to rheobasic d.c. pulses (Hauptnutzzeit): if the initial 
accommodation had a slope of 1/10 to 1/40 I,,/msec the Hauptnutzzeit 
was never greater than 3 msec; with slopes less steep than 1 /200 it lay 
between 5 and 30 msec and had a large variability in the same cell. 

An interesting and unexpected relationship was found when the cells 
were grouped according to the apparent ceiling of accommodation and 


Fig. 2. Oscilloscope records from a rat motoneurone stimulated with linearly 
rising currents. Upper trace: stimulating current pulse, downward deflexion 
represents outward current. Upper vertical bar, representing 60x 10-*A, refers 
to intensity of current. Lower trace: potential at micro-electrode tip, positivity 
upward. Voltage calibration (18 mV): lower vertical bar. Note different time 
scales for each record. 


their various properties compared. In Fig. 4 the ceiling of accommodation 
is plotted against the measured rheobase (I,,,) of the same cell. There is 
no true correlation between these two values, but neither are they com- 
pletely dissociated, rather the points tend to cluster in two discontinuous 
groups: in cells with a high ceiling the rheobase was always less than 
4nA, in cells with a ceiling less than 1-5 I, the rheobases were distributed 
along the whole range observed. The mean I, for ‘high-ceiling’ cells 
was only 1-9nA, for ‘low-ceiling’ cells.7-7nA (Table 2). It should be 
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Fig. 3. Accommodation curves, of two rat motoneurones. A: ‘high-ceiling’ type 
of accommodation. B: ‘low-ceiling’ type of accommodation. Points represent 
average threshold current strength (ordinates) and latency (abscissae) of spike 
discharge to a linearly rising stimulating current. The short straight lines inter- 
secting the points represent part. of the time course of the stimulating current, and 
indicate the limits between which excitation occurred in repeated trials with the 


same current gradient. 


TasBLeE 1. Distribution of rat motoneurones according to the slope of accommodative 
threshold increase and the apparent limiting value or ‘ceiling’ of accommodation as found 
for individual cells stimulated directly with linearly rising currents. Figures in parentheses 
indicate the numbers of cells where the measured values of the slope of accommodation and 
its ceiling fell within the limits given for the corresponding column and row. Examples of 
curves on which the measurements were carried out are given in Fig. 3. Only rat cells 


where estimates were reasonably accurate have been included 
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noted that the association of ceiling versus accommodative slope shown 
in Table 1 also suggests a discontinuous distribution. It is of course 
possible that with a sufficiently large series intermediate values would 
also have been found. | 
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Rheobase (nA) 
Fig. 4. Relationship of the ‘ceiling’ of accommodative threshold rise to the 
measured rheobase of the same cell. ‘ 


TABLE 2. Mean rheobase of rat motoneurones showing various types of accommodation — 
curves. ‘ Low ceiling’ of accommodation: less than 1-5 x.I,,. ‘Highceiling’ of accommodation: 
more than 1-5xI,,. ‘Rapid m.c.g.’ type: apparent A less than 30 msec. ‘Moderate m.c.g.’ 
type: A more than 30 msec. n: number of cells in category indicated. I,,: rheobase in 
10-°*A. Difference: difference of mean I,,. s.£.: Standard error of difference. Common | 
mean: Mean I, of all ‘ceiling’ type and all ‘m.c.g.’ type cells respectively _ 


‘Ceiling’ type *M.c.g.’ type 
Low High Rapid Moderate 
n 21 10 12 9 
Mean I,, 7:7 1-92 6-2 53 
Difference 5-78 9 
S.E. +1-0 + 1-22 
Common mean «BBS 5:8 
Common s.pD. + 4:37 + 2-17 


The study of the late time course of accommodation was limited because 
the stimulating circuit could not generate pulses with a rise time longer 
than 220 msec. 

When a stimulating current of constant intensity and sufficient strength 
was applied to most motoneurones the cells responded with a maintained 

6 


PHYSIO, CLVI 


q 
ag 


82 K. BRADLEY AND G.G. SOMJEN 


repetitive discharge. The discharge of a rat motoneurone to rectangular 
currents of about 40 msec duration and graded intensity is illustrated in — 
Fig. 5 A—F. In the records A and B the stimulus was just liminal, and 
in A no spike was discharged. The regularly recurring small depolarization 
in A may be interpreted as repetitive subliminal responses (oscillatory 
behaviour). With increased strength the first spike occurred earlier and took 
off from a lower level of depolarization. The later spike of the repetitive 
discharge had an approximately constant threshold higher than that of the 
first spike, i.e. arising from a lower membrane potential, and each seemed to 
arise when the positive after-potential of the previous spike had subsided 
to this constant level (see also Kolmodin & Skoglund, 1958). This is also 
shown in Fig. 5G, where the discharge had been maintained with nearly 
perfect regularity for 1} sec. In some rat cells, however, the firing rate did 
not remain constant, but declined slowly during the flow of current, and 
Eccles (1957) had reported that the repetitive firing of cat motoneurones 
to a constant depolarizing current often stops after a few seconds. In 
response to a comparable depolarizing current cat motoneurones fired at 
a lower frequency than rat motor cells. With the method employed in our 
experiments the threshold level of membrane potential could not be 
measured accurately when strong stimulating currents were used, because 
compensation for the stimulus artifact was inadequate and often also 
unstable. 

Araki & Otani (1959) found no ceiling to the accommodation of moto- 
neurones in the excised cord of toads stimulated with currents of exponen- 
tially delayed rise, but the longest latency they recorded was only about 
30 msec. The ‘LR’ type of impulse initiation observed by Araki & Otani 
(1959) in some toad motoneurones was seen only in one rat motoneurone 
which had a ‘low ceiling’ of accommodation. In all other rat and cat motor 
cells the spike arose abruptly, as shown in Figs. 2 and 5, and a sufficiently 
fast sweep revealed an inflexion on the rising phase. The variations in the 
type of accommodation of mammalian motoneurones are therefore not due 
to differences in the site of impulse initiation. 


Anomalous accommodation curves 


In a smaller number of motoneurones a well defined minimal current 
gradient was found and the shape of the accommodation curve corre- 
sponded closely to that predicted by Hill (1936), with an apparent value 
of A ranging from 7 to 280 msec. Upon Hill’s theory the minimum current 
gradient for excitation is I,/A, where I, is the rheobase when A = ©. 
Thus A is approximately the time this current takes to rise from zero to 
the actual rheobasic current value. It was initially felt that these curves 
were obtained from motoneurones of an entirely different class (Somjen & 
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Bradley, 1959). It was later found, however, that cells of the ‘minimal 
current gradient’ (m.c.g.) type could sometimes change readily into the 
type showing accommodation with ceiling, and that the reverse might also 
happen, and within the course of observation from a single cell such a 
change-over might even occur more than once. Figure 6 illustrates the 
change-over from the ‘m.c.g.’ type of accommodation to the ‘ceiling’ 
type of accommodation in a single cell. In this case the rheobase declined 


Fig. 5. A-F: records from a rat motoneurone, stimulated- with a 40 msec 
rectangular current pulse of varying intensity. Upper beam: stimulating current, 
downward defiexion indicates outward current. Lower beam: potential at micro- 
electrode tip, positivity upward. A—C at faster sweep than D—-F’. Stimulus is at 
rheobase strength for A and B, increased strength from C to F. G: another rat 
motoneurone, stimulated with long (1-5 sec) pulse of which only the beginning and 
end are reproduced here. The trace bisecting the spikes indicates make (upward 
deflexion) and break (downward deflexion) of stimulating current, the strength of 
which was approximately 2 x rheobase (10-8 x 10-*A). 


steadily during the shift, but this did not occur in all cells. Furthermore, 
each time the ‘m.c.g.’ type of accommodation changed into ‘ceiling’ 
type, the recorded amplitude of the spike elicited antidromically or 
orthodromically increased, whereas the reverse change was always asso- 
ciated with a decrease of spike amplitude. The mean spike amplitude of 


all ‘ceiling’ type cells was 76-3 mV (s.D. + 13-2), that of ‘m.c.g.’ type cells 


only 58:4 (s.p.+10-1). The difference of almost 18 mV is significant 


(8.5. of the difference of means: + 3-5). There was no obvious correlation 


within the ‘m.c.g.’ type cells between the spike size and the apparent 
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value of the time constant of accommodation A. The mean rheobase of 
the cells of ‘m.c.g.’ type was about the same as that of all ‘ceiling’ type 
of cells, intermediate between the mean rheobase of ‘high-ceiling’ type 
and ‘low-ceiling’ type, and there was no detectable correlation between 
the rheobase of the ‘m.c.g.’ type cells and the rapidity of accommodation 
(Table 2). | 


© 
4 


m.c.g. at 2 min Osec 
m.c.g. at 2 min 18 sec 
+—m.c.g. at 3 min Osec 


Threshold of discharge (nA) 


| x 


Latency (msec) 


Fig..6. Change of accommodation observed in a rat motoneurone. @, experimental 
points 2 min—2 min 6 sec after impalement of cell; ©, 2 min 8 sec—2 min 16 sec; 
O, 2 min 18 sec-4 min 4 sec; x, 124 min-15 min; A, 15}-17 min after impale- 
ment. Large symbols = mean of several measurements; small symbols = 
measurement from individual records. m.c.g., minimal current gradient at time 
indicated ; I: level of rheobasic current intensity. 


Figure 7 illustrates the relationship of spike size to rheobase in the three 
classes of cells investigated. It may be seen that there is no over-all 
correlation between spike size and rheobase, but that all ‘m.c.g.’ type 
cells (triangles on figure) had spikes less than 75 mV. The difference in 
rheobase between ‘high-ceiling’ (open circles) and ‘low-ceiling’ (filled 
circles) cells is also evident, and also that there is little apparent relation- 
ship between the ceiling of accommodation and the amplitude of the spike. 
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The mean spike amplitude of cells in which the ceiling of accommodative 
threshold rise was below 1-5 x I,, was 78-1 mV, and in cells with a higher 
ceiling of accommodation the mean spike amplitude was 72-7 mV. The 
difference of means was 5-4, which was less than the standard error of 
the difference ( + 6-75). The limited material available included no example 
where the ceiling of accommodation shifted spontaneously. 

It is likely that the cells with ‘m.c.g.’ type of accommodation are re- 
cruited from both the ‘high’ and ‘low-ceiling’ types of cells, and that the 


change-over is associated with, if not caused by, partial depolarization of 
the cell. 


90 
= 0° e 
— 
° 
4 
50 ‘ 
a 
4 


i i i i 
Rheobase (nA) 
Fig. 7. Relationship between amplitude of antidromic spike and rheobase (I,,) 
of individual rat motoneurones. @, cells with ‘low-ceiling’ type of accommodation ; 
O, ‘high-ceiling’; A, ‘m.c.g.’ type of accommodation. 


Accommodation of motor axons 


The accommodation of a motor fibre could be compared with that of its 
parent cell by applying a stimulus to the ventral root or peripheral nerve 
and recording the antidromically conducted spike from the cell body. 
After correction for conduction time the curve of threshold against latency 
for various gradients of current could be plotted in the same way as has 
been done for direct stimulation of the motoneurones themselves. 

As a rule fibres stimulated in the ventral roots of rats appeared to 
accommodate very rapidly. In most cases a minimal current gradient 
with inverse slope (A) of 0-8-1-5 msec was found, and currents rising more 
slowly failed to elicit a discharge even if continued up to 15-20 times 
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rheobasic strength. Ventral root fibres usually responded to strong 
rectangular stimulating currents with only a single spike. The latency of 
response to rheobasic currents was about 1 msec or less. The threshold to 
anodal ‘break’ was the same as the cathodal rheobase, provided the anodal 
pulse had a sufficiently long duration (30-200 msec). Essentially similar 
results were obtained by stimulation of cat ventral roots, but the apparent 
value of A was longer (about 4 msec). 

In two experiments on rat ventral root fibres immediately after the 
dissection had been completed, accommodation was much slower than 
usual, but became more and more rapid as time went on. In one fibre the 
rate of accommodation appeared to increase by a factor of almost 4 within 
_ the span of half an hour. Spinal roots which have been divided and 

separated from their normal environment for the purpose of stimulation 
may be affected progressively by the artificial conditions of the experiment, 
so that the very fast ‘m.c.g.’ type of accommodation could be an experi- 
mental artifact. To test this hypothesis the spinal roots in the rat were 
left intact, except the dorsal root one segment cranial to the entry of the 
micro-electrode, and the sciatic nerve was prepared for peripheral stimula- 
tion. About 10 mm of nerve: was dissected free, but the adventitia was 
not removed. The stimulating cathode was placed as near as practicable 
to the undissected portion of the nerve, the anode made contact by means 
of a cotton wick. The micro-electrode was used to impale motor axons in 
the cord instead of cell bodies, so that intracellular stimulation could be 
applied to the fibres and the accommodation of the intraspinal part com- 
pared with that of the same fibre in the sciatic nerve. Figure 8 illustrates 
_ this experiment. It may be seen that the threshold rose initially with 
approximately the same slope with both methods of stimulation, but in 
the sciatic nerve accommodation came rather abruptly to a ‘ceiling’, 
whereas for intracellular stimulation in the cord the slope of the threshold . 
decreased more gradually. 

When intracellular stimulation of motor axons was applied i in rats with 
severed ventral roots, the accommodation of the intraspinal part of the 
fibre was found to be as fast as that of the ventral root (three observations 
only). It appears, therefore, that severed ventral roots are subject to 
irreversible alteration, detectable by accelerated accommodation and lifting 
of the ‘ceiling’ of the accommodative increase in threshold, which on the 
basis of these few results extends into the intraspinal section of the fibres. 
Unfortunately it was not possible to determine whether the fibres were 
penetrated in the white or grey matter. Some uncertainty attaches to the 
method of intracellular stimulation because impaled fibres are particularly 
liable to depolarization, and, as in cell bodies, depolarization of the fibre 

was associated with an increase of accommodation. 
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In the cat an inflexion on the ascending limb of the accommodation 
curve was found in some motor fibres stimulated in the popliteal or 
biceps-semitendinosus nerves, and these fibres generated prolonged re- 
petitive discharges with strong d.c. currents. The tendency for repetitive 
discharge was increased if the paraffin pool covering the nerve was cooled. 
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Fig. 8. Accommodation of a rat motor axon. @, and continuous line: intra- 
cellular stimulation with microelectrode in spinal cord. © and broken line: 
stimulation of sciatic nerve, recording intracellular. Current strength in 10-°A 
for intracellular (left-hand ordinate), 10-*A for extracellular stimulation (right- 


hand ordinate). 


Fig. 9. The effect of temperature on the accommodation of a cat’s motor nerve fibre 
stimulated in the popliteal nerve. A: at 37°C; @, before cooling; O, after cooling 


and rewarming. B: at 30-5° C. 
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In other fibres a definite minimal current gradient appeared to be present 
under the same conditions, but the currents applied to cats’ peripheral 
nerves did not exceed 7 xI,,,, and a ceiling of accommodation might have 
existed at a higher level. The minimal current gradient was sensitive to 


variations of temperature. The change of accommodation observed in the | 


same fibre during cooling and rewarming the stimulated section of the 
nerve is illustrated in Fig. 9. The mean of four determinations of the 
apparent time constant of accommodation at or slightly above 37° C was 
13 msec; in the same cat the mean A of 6 fibres at 30-5°C or less was 
40-6 msec, which gives a Q,) value of approximately 4-5. The Q,,) value 
derived in a similar experiment for rat ventral:root fibres was 3-1. When- 
ever a motor fibre was cooled the value of the measured rheobase appeared 
to decrease and the time constant of excitation (k) derived from strength- 
latency curves with rectangular pulses increased. Both these changes 
might have been at least partly due to the slowing of the accommodation 
process (Hill, 1936). 

The threshold-latency curve of Fig. 9A closely resembles the hisiction 
derived for stimulation with linearly rising currents by Hill (1936, eqn. 24), 
except for the fact that the minimum of the curve is nearer the observed 
rheobase than expected from Hill’s theory for this ratio of A/k. In Fig. 9B, 
however, where accommodation is slowed down, the threshold remains 
just above I,,, for a considerable range of latencies, and a similar flat part 
at the minimum value may be seen in the curve of the rat sciatic nerve 
fibre represented by the broken line in Fig. 8. The significance of this 
deviation from Hill’s (1936) theoretical function will be discussed later. 


DISCUSSION 


The most striking feature of the accommodation process erherging from 
the present work is its lability. Various authors have reported that the 
accommodation of nerves is increased after mechanical damage (Solandt, 
1936), interruption of the blood supply (Liesse, 1938) and by catelectro- 
tonus (Shanes, 1940; Tasaki, 1950). Katz (1939) pointed out that if the 
accommodation of a preparation appears to become more rapid it is 
probably wrong to regard the later stationary rapid accommodation as 
more normal than the initial, slow, but changing value. Hodgkin & Huxley 
(1952) indicated that the isolated squid axon has an abnormally low 
membrane potential, and therefore may appear to accommodate more 
than under normal conditions. 

The irreversible acceleration of the accommodation of spinal ventral 
root fibres in our experiments might be due to deficient blood supply, 
because arterial blood normally flows into the spinal cord along the roots 
and these had been severed just inside the intervertebral foramen, whereas 
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the blood supply of the peripheral nerves may have been better preserved. 
The often reversible changes of the degree of accommodation of impaled 
cells and fibres found with intracellular stimulation are probably due to 
depolarization caused by mechanical damage, which may later be reduced 
by ‘sealing in’ of the micropipette’s tip, or may vary because of small 
movements of the preparation. | 

The method used in this study does not furnish information about the 
early time course of accommodation, because the accommodative rise of 
threshold at short latencies is obscured by the initial descending limb of 
the curves obtained with linearly rising currents. These curves may be 
regarded as being built up from two separate components: a descending 
part analogous to the well-known strength—duration curves obtained with 
rectangular current pulses or condenser discharges, and a rising phase which 
represents accommodation. An attempt to analyse the experimental 
curves into these two elements and so obtain an approximate extrapolation 
of the ‘true accommodation curve’ to zero time is presented separately 
(Somjen, 1961). The proper experimental approach would be to measure 
the level of displacement of membrane potential instead of the level 
which the current had reached at the instant of excitation. Unfortunately 
with the bridge circuit employed in our experiments the displacement of 


- membrane potential was usually distorted by the stimulus artifact, which 


often changed its shape during the course of observation. 

Although our findings do not permit any definite conclusion about the 
nature of the accommodative change of threshold it seems worth while to 
enquire whether they are compatible with theoretical suggestions of other 
workers. Our experimental curves depart in two respects from the function 
derived by Hill (1936) to describe the conditions for excitation with linearly 
rising currents. In agreement with the results of Skoglund (1942) on cat’s 
sensory and motor nerve fibres, we could not define a minimal current 
gradient for the stimulation of mammalian motoneurones. Another dis- 
crepancy between Hill’s theoretical function and some of our results is the 


- flat section that occurs in the minima of some of our curves (Figs. 8 and 


9B), indicating a range of latencies where the threshold to linearly rising 
currents remains at or near the rheobase value. Tasaki (1950) has made a 
similar observation on isolated nodes of Ranvier of toad nerve fibres. This 
indicates a virtual delay of the development of accommodation. Even for 
curves which have no obvious flattening at the minimum, the minimum 
of the curve falls at a lower value than that calculated with the aid of a 
fixed rate constant of threshold rise, but a satisfactory empirical equation 
could be fitted to our experimental curves when it was assumed that the 
growth of accommodation is governed by a variable instead of a constant 
(Somjen, 1961). 
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A physical basis for accommodation has been suggested by Hodgkin & 
Huxley (1952), who found that the ability of the squid giant axon membrane 
to increase its permeability to sodium ions is impaired if a subthreshold 
depolarization is imposed on it (‘inactivation’) and that concurrently the 
permeability to potassium ions increases, both changes tending to increase 
the threshold for excitation. Hodgkin & Huxley (1952) found that the Q,, 
value for all their rate constants was approximately 3, which is, considering 
the species difference, in good agreement with the Q,) value of accommoda- 
tion reported here for mammalian nerve fibres. Qualitatively Hodgkin & 
Huxley’s ionic theory allows for the apparent delay of the increase of 
threshold evoked by linearly rising currents, because their rate constants 
are dependent on the level of membrane potential which is in the case of 
linearly rising currents a function of time. However, Hodgkin & Huxley’s 
theory as it stands cannot account for the apparent ceiling of the accom- 
modative threshold rise in response to linearly rising currents; according 
to their data the steady-state ionic membrane current at any level of 
depolarization is outwards, and it follows that if the membrane potential 
declines sufficiently slowly a self-regenerative response can never occur 
(see Hodgkin & Huxley, 1952). Part of the difficulty is removed by the 
conclusion of Eccles (1957) that in cat spinal motoneurones the perme- 
ability to K is not increased by any depolarization too small to cause 
actual excitation. This leaves ‘inactivation’ as the only factor to explain 
accommodation. There are no experimental data available from which 
the various parameters of ‘inactivation’ in mammalian motoneurones 
could be deduced, so that it is not possible to calculate whether it would 
permit excitation to occur even with very gradual depolarization. 

Some indirect evidence to support the proposition that accommodation 
is related to an impairment of the sodium permeability mechanism can be 
derived from the observation that ether increases the accommodation of 
peripheral nerve (Heinbecker & Bartley, 1940) and of motoneurones 
(Somjen & Bradley, 1959). This drug raises the threshold of motoneurones 
without change of membrane potential (Somjen & Gill, 1958) and therefore 
it probably is a ‘membrane stabilizer’ (Shanes, 1958) so that its threshold- 
raising effect might be expected to summate with that of ‘inactivation’. 

Our finding that it is possible to excite motoneurones with depolarizing 
currents rising very slowly, and that rhythmical firing can be maintained 
by an electrical stimulus of constant intensity is compatible with the 
proposition that ‘central excitatory state’, facilitation, and rhythmical 
reflex discharge are due to sustained synaptic depolarization. 
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SUMMARY 


1. Electrical records obtained by means of Ling-Gerard micropipettes 
from rats’ and cats’ motoneurones have been compared. The only sig- 
nificant difference found was the shorter duration of the positive after- 
potential (after-hyperpolarization) of action potentials from rat moto- 
neurones, and this corresponds to their higher rate of firing in response 
to d.c. stimuli or tetanization of the dorsal root. 

2. The accommodation of rat and cat motoneurones has been investi- 
gated by passing linearly rising current pulses directly through the mem- 


_ brane of single cells and observing the threshold for discharge of impulses, 


or by passing a suprathreshold d.c. current and observing the repetitive 
firing so generated. 

3. Usually accommodation appeared to occur only to a limited extent 
and was almost complete in the initial 40-80 msec of the flow of current. 
The slope of the increase of threshold to linearly rising currents was 
related to the ceiling to which the threshold tended. A minimal current 
gradient could not usually be defined. A high ceiling of accommodation 
was associated with a low rheobase. The ceiling of accommodation varied 
from less than 1-1 to more than 2-0 times the measured rheobase. 

4. In a smaller number of observations a definite minimal current 


, gradient was found. In these cells the mean amplitude of the ortho- 


dromically and antidromically elicited spike was significantly smaller than 
in the cells where accommodation appeared to be limited by a ceiling. 
A few cells were observed to change from ‘minimal current gradient’ type 
to ‘ceiling’ type; this change was always associated with a growth of spike 
amplitude, and the reverse change with a decrease of spike amplitude. 
It is concluded that the accommodation process continued without limit 
only in motoneurones in a state of partial depolarization, _ : 

5. In motor fibres stimulated in severed ventral roots, accommodation 
appeared to be much slower in fresh preparations than later in the same 
experiment; motor fibres stimulated in peripheral nerve were more stable 
in this respect. Lowering of the temperature of the paraffin pool slowed 
down the accommodation of motor axons considerably; the Qj) value of 
the slope of the accommodation curve was of the order of 3-4-5. Changes’ 
due to variation of temperature were completely reversible. 
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* tion, and encouragement throughout the work and to Professor J. R. Robinson for criticism 


of this manuscript. Our thanks are due to Dr F. F. Foldes of the University of Pittsburgh, 
Department of Anaesthesia, for the gift of C-Toxiferin. Most of the electronic equipment 
used in this investigation was designed, built and serviced by Mr E. A. Annand of the 
Medical Research Council of New Zealand. Part of the cost was defrayed by the Medical 
Research Council of New Zealand. 
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ACID SECRETION BY THE ABOMASUM AND ITS RELATION 
TO THE FLOW OF FOOD MATERIAL IN THE SHEEP 


By R. W. ASH 
From the Rowett Research Institute, Bucksburn, Aberdeen 


(Received 30 September 1960) 


The abomasum or fourth chamber of the compound stomach of rumi- 
nants is analogous to the simple stomach of monogastric animals. It is 
situated between the omasum and duodenum and consists of a fundic and 
a pyloric region which are histologically similar to those of the simple 
stomach. 

There is a continuous secretion of hydrochloric acid by the fundic region 
of the abomasum during normal feeding but there is still little information 
available on the patterns of secretion which may occur, or on the factors 
responsible for maintaining the secretion. Indirect evidence for the flow 
of food material from the forestomach into the abomasum being a major 
stimulus to acid secretion was provided by Hill (1955). 

The aims of the experiments reported in the present paper were, first, to 
observe the secretory responses of innervated fundic pouches during feed- 
ing, fasting and rumination ; secondly, to relate the responses to the condi- 
tions existing in, and the flow of food material through, the abomasum. 
The results obtained suggested that under normal conditions the inflow of 
predigested food from the forestomach, the secretion of acid by, and the 
flow of material from the abomasum were integrated. Further, the acidity 
of the abomasal contents was an important factor regulating the secretion 
of acid. 


METHODS 


Surgical preparation 

The sheep used in the experiments were kept indoors for a minimum of 4 weeks before any 
surgical preparation began. All the operations were performed aseptically and under pento- 
barbifone anaesthesia; during the pouch operations the sheep received an intravenous 
infusion of glucose-saline. . 

The first operation was the insertion of an ebonite cannula, diameter 2 cm, into the dorsal 
sac of the rumen. After an interval of not less than 1 month innervated fundic pouches were 
made. The method employed was fundamentally that described by Hill & Gregory (1951) 
with certain modifications. Briefly, these included emptying and rinsing the reticulorumen 
the night before the operation and returning 3-4 1. of isotonic NaCl solution to the rumen 
overnight; the saline was drained from the rumen immediately before the sheep was 
anaesthetized. This procedure helped in obtaining a fairly clean abomasum at the operation. 
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The pouch was constructed from the caudal end of the fundic part of the abomasum and the 
transection was made 2—3 cm cranial to the junction of the pyloric antrum with the fundic 
region. The int«rior of the organ was rinsed clean and examined for the presence of helminths 
or other lesions. Haemonchus contortus worms were removed when present. When making 
the septum between the fundus and the pouch no attempt was made to resect the mucous 
membrane covering the large mucosal folds which run downward and backward from the 
omaso-abomasal orifice. Instead, each fold was cut completely down to its base and then 
resected for 10-15 mm on both sides of the incision; the cut ends of the folds were not 
sutured. After suturing the internal ring of mucosa, closing the main body of the abomasum, 
the exposed submucosal tissues were approximated with a continuous suture. The anasto- 
mosis of the pyloric antrum to the main body was made close to the septum. An ebonite 
cannula, diameter 1 cm, was inserted into the fundus at a point opposite the anastomosis 
and a silver or Perspex cannula used to drain the pouch. At the end of the operation all the 
pouches were oedematous. 

As soon as the sheep was able to stand, 3—5 hr after the operation, 3-4 1. of rumen fluid 
from normally fed sheep was introduced into the rumen. During the following 48—72 hr the 
body of the abomasum was drained at 4-8 hr intervals; this reduced the possibility of break- 
down of the septum from excessive distension. The pouches were rinsed two or three times 
daily with isotonic NaCl solution until haemorrhage stopped, usually by the fourth post- 
operative day. Many of the sheep began to eat after they recovered from the anaesthetic, 
but then refused food for the next 2-3 days. A complete return of appetite took up to 14 days. 
Six operations on adult sheep were completely successful out of nine attempts and one 
further success was achieved on a lamb operated on when 4 weeks old. The simple prepara- 
tion is shown diagrammatically in Fig. 1 (qa). 

Three sheep previously prepared with fundic pouches were fitted with pyloro-duodenal 
re-entrant fistulae, the operations being performed 2, 3 and 8 months after preparing the 
pouches. The duodenum was transected at its junction with the pylorus and care was taken 
to avoid damaging the hepatoduodenal branch of the vagus nerve and the duodenal and 
abomasal blood vessels; all duodenal tissue was trimmed from the pyloric stump. The ends 
of the duodenum and the pylorus were closed with an inversion suture and cannulae with 
gutter-type internal flanges and curved barrels (Phillipson, 1952) inserted. Perspex cannulae 
were used initially but they were not suitable. Usually the abomasum and duodenum of the 
sheep are quite mobile, but the preparation of the pouch with the subsequent formation of 
adhesions anchored them. As a result it was difficult to position the Perspex cannulae, and 
being non-pliable they caused pressure necrosis of the mucous membranes. This was over- 
come by moulding cannulae from a pliable material (Dunlop Dsisov , Dunlop Rubber Co. 
Ltd.). The important features of the cannulae were that the curved barrels, bore 1-2 cm, 
joined the internal flanges at 45° and the flanges were quite soft. The cannulae were exterio- 
rized through stab incisions and the continuity of the flow restored with a Perspex or glass 
‘Junction piece. The sheep recovered rapidly from the operation and the only hazard en- 


countered was an occasional blockage of the cannulae with food particles or wool. The 
complete preparation is shown in Fig. 1 (b). 


Maintenance of animals | 


The sheep were kept in individual pens or metabolism cages; food and water consumption 
was recorded daily. Unless it was otherwise desired, the animals were fed twice daily either 
at 7 a.m. and 7 p.m. or 9 a.m. and 4 p.m. The amount of food allowed daily was usually 
750 g, which was less than they consumed when fed ad libitum. This amount was consumed 
by all the sheep regularly, maintained their body weight and provided a convenient base line 
of acid secretion on which to superimpose the effects of changes in diet. Free access to water 
and a block of NaCl was allowed. Those sheep which secreted large volumes of juice from 
their pouches received an additional 5-10 g NaCl per day sprinkled on the food. No attempt 
was made to replace hydrogen ion since it was found that an infusion of artificial secretion 
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(total acid 80-115 m-equiv/l.) into the abomasum caused a profound inhibition of acid 
secretion by the pouch. Samples of jugular blood were taken from some of the sheep at 
intervals and the plasma concentrations of Na+, K+, Cl- and total CO, were always within 
the accepted normal range. . 


(c) 


Fig. 1. Diagrams of the preparations used in the experiments. (a) Hill-Gregory — 
innervated abomasal pouch with a cannulated abomasal fistula; (b) innervated 
pouch, cannulated abomasa] fistula and pyloro-duodenal re-entrant fistulae; 
(c) arrangement used to measure outflow from the abomasum and acid secretion 
simultaneously (for details see text). All the preparations were fitted with rumen 
cannulae. Oe: oesophagus. Ru: rumen. Re: reticulum. Om: omasum. Ab: abo- 
masum. Du: duodenum. An: pyloric part of abomasum. 


Collection and sampling 


Secretions from the pouch were collected by attaching a polythene tube to the pouch 
cannula and directing the flow into a Pyrex glass cylinder. Free drainage from the pouches 
was not always achieved, because the large mucosal folds inside them occasionally blocked 
the internal orifices of the cannulae. At the end of each 15, 30 or 60 min collection period 
the pouches were drained by gently inserting a smooth glass rod. This procedure did not 
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appear to affect the results and was adopted in every experiment. Continuous collections of 
secretion over 24 hr periods for many weeks were obtained by keeping the sheep in a meta- 
bolism cage. The polythene tube attached to the cannula was suspended from a light spring 
and additional support to the cannula was provided: by an external flange held close to the 
abdominal wali by a webbing belt. 

Samples of abomasal contents were obtained at intervals during the course of some experi- 
ments by opening the cap of the abomasal cannula and allowing not more than 30-40 ml. of 
the contents to flow into a beaker. 

The flow of material from the pyloric cannula was measured by directing it into a gradu- 
ated cylinder surrounded by a water jacket maintained at 40-42° C. An attempt was made 
to measure every 30-50 ml. of material, to retain 10% and introduce the remainder into the 
duodenum. However, this was not always possible, because at high rates of flow two or more 
gushes occurred in rapid succession with the result that up to 100 ml. of material accumu- 


lated in the cylinder. The samples retained were bulked into 30 or 60 min collection periods. | 


The importance of re-introducing material into the duodenum has been discussed by 
Phillipson (1952) and Hogan & Phillipson (1960). The validity of the method in the present 
experiments will be discussed later. Simultaneous collections of pouch secretion and abo- 


‘masal outflow (Fig. 1(c)) were made with the sheep held in a recording stand; the duration 


of the experiments was 6-8 hr. | 
Analytical 

pH measurements were made with a glass-calomel electrode system and Pye direct reading 
meter. 

Titratable acid was estimated by titrating 1 ml. portions of the secretion to the end-point 
of phenolphthalein with 0-05 n-NaOH. After centrifuging the abomasal contents 5—10 ml. 
of the supernatant fluid was titrated electrometrically to pH 7-0 with 0-1 n-NaOH. 

Total CO, was estimated manometrically. 

Steam volatile fatty acids in the supernatant fluid from centrifuged abomasal samples were 
estimated by steam distillation. 

Dry matter in the abomasal samples was estimated by drying portions of the whole contents 
to constant weight at 105° C. 


Post-mortem examination 


At the end of their useful experimental life the sheep were shot and the relevant parts of 
the gastro-intestinal tract examined. The most common reason for killing the sheep was loss 
of one or other of the cannulae. Only one animal showed necrosis of the mucosa and this 


was caused by pressure of the internal flange of the pyloric cannula; three of the sheep are 


still alive. 

The whole of the abomasum and pouch were dissected free from fat, rinsed and blotted. 
The mucous membrane was scraped from the pouch, the main body of the abomasum and 
the pyloric antrum. The size of the pouch was expressed as a percentage of the whole organ 
(excluding the pyloric antrum) on the basis of the wet weight of mucosa. The size in five of 
the animals examined ranged from 9-4 to 34%. 


RESULTS 
Continuous acid secretion 
Serial collections at 60 min intervals over 12 hr periods were made on 


two sheep while allowed to feed ad libitum. The output of acid by the 


pouches showed some variation from hour to hour but there was no con- 
sistent effect of feeding. When the sheep were fed twice daily it was usual 
to observe definite secretory patterns. The volume of the secretion and the 
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concentration of acid usually showed an increase in the first hour after 
feeding began and reached a peak in 2-3 hr. Thereafter the output of acid 
tended to decline, although in some experiments periods of increased out- 
put were superimposed on the declining phase (Fig. 2). In other experi- 
ments the increase in secretion was delayed until the second hour after 


feeding (Fig. 5). There appeared to be no consistent effect of rumination on 
acid secretion in any experiment. 


Volume of secretion (ml./hr) and concentration of acid (m-equiv/I.) 


Grass 200 g 
Meals 450 g 


Fig. 2. The secretion of acid by an innervated pouch over 12 hr. The sheep was 
normally fed with ‘meals’ 450 g plus chopped dried grass 200 g at 7 a.m. and 7 p.m. 
Shaded area indicates the time the sheep spent ruminating. Experiment performed 
3 months after operation; size of pouch was 31% of the abomasum. Volume of 
secretion — ; concentration of acid @—®. 7 


Short-term effects of feeding and rumination 


In order to investigate any immediate effects or those with a time course 
less than 60 min, serial collections were made at 15 min intervals. The 
amount of food offered in these experiments was 250-450 g and it was all 
consumed in 10-20 min. To avoid the possibility of conditioning the sheep 
the experiments were carried out at different times of the day and the 


animals were allowed to feed 30-90 min after beginning the collection. 
7 PHYSIO. CLVI 
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About’12—18 hr after the previous feed the output of acid from the pouches 
was relatively small. When dried grass, meal or a mixture of both was fed 
to the sheep there was often no appreciable effect during the first 15 min. 
In the subsequent 45 min the output of acid rapidly increased and reached 
a peak 45-90 min after feeding began (Fig. 3(a)). 
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15 min 
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(b) 
Grass 250 g Meals 250 g 


Acid output (m-equiv/15 min) 


02 
0-1 
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Meals 250 g Grass 250 g 


Fig. 3. Some examples of the variation in acid secretion following 
the feeding of dried grass and meals. 


When food was offered close to a previous feeding period and when the 
output of acid was relatively high the responses to feeding were not con- 
sistent. In some experiments the secretion of acid decreased appreciably 
for 30-45 min and then returned to a level which often equalled or exceeded 
the pre-feeding period. In other experiments there was no pronounced 
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effect, while less frequently a small increase was observed. The variability 
of the responses did not appear to depend on the type of food eaten, 
although inhibition occurred more frequently when meals were fed to the 
sheep after dried grass than when dried grass was consumed after a feed 


of meals (Fig. 3(b)). Similarly, the immediate and short-term effects of » 
rumination were inconsistent. 


The effect of varying the food intake 

The daily output of acid from the pouches of sheep on a standard food 
intake did show some variation but this was not so pronounced as that 
observed when the amount of food consumed was changed. When the food 
intake was increased the output of acid increased ; this occurred with dried 
grass and meals. Reducing the amount of food or depriving the sheep of 
food reduced the output of acid, although it is important to note that the 
changes in acid secretion tended to lag behind the changes in diet (Figs. 4, 
5 and 6). The amount of water drunk by the sheep on a standard food 
intake did show some day-to-day variation but when the food intake was 
changed water consumption usually varied with it (Figs. 5 and 6). 


Acid secretion in relation to the acidity of the abomasal contents 
at the pyloric antrum 
The abomasal cannula was situated opposite the anastomosis of the 


_ antrum to the main body of the organ. The contents removed at this point 


had passed through the whole of the acid-secreting part of the abomasum | 
and further acidification of the contents would only take place provided 
the material remained in the abomasum and acid secretion continued. The 
pH and total titratable acidity of the 30-40 ml. samples showed only 
minor fluctuations, but large changes occurred from hour to hour and from 
day to day in the output of atid from the pouch. The changes in acid 
secretion were obtained by feeding during the course of an experiment, and 
altering the food intake between experiments (Fig. 5). As judged by the 
force at which the contents flowed from the abomasal cannula, the abo- 
masum was distended.more when the sheep was on a high food intake than 
when on the standard diet or when deprived of food. 

Similar results were obtained in experiments lasting 6-12 hr on three 
other sheep. The pH range of the abomasal samples over 12 hr in one 
animal fed on a diet of hay and flaked maize was 1-6-2-5. 


Acid secretion in relation to the outflow of material from 
the abomasum 


Acid secretion by the pouch and outflow from the abomasum were 
measured simultaneously in two sheep. The experiments were performed 
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Fig. 4. The effect on the daily output of acid by an innervated pouch of increasing 
the food intake. Experiment performed 5 months after operation; size of pouch 
was 9-4 % of the abomasum. 
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Total acidity 
abomasal samples 


pH 
abomasa! 
samples 


Acid output 
(m-equiv/hr) 


Gr 250 Gr500 Gr500 Gr500 Gr 250 No No food . . Gr 250 
Me 125 Me 250 Me250 Me250 Me 125 food Me 125 
Water 9-10. viii. 10-11. viii. 11-12. viii. 12-13. viii. 13-14. viii. 

consumed 2070 3890 5340 2120 520 
(m./24 br) 
Fig. 5. The small variation in the acidity of the abomasal contents at the pyloric 
end of the abomasum compared with the large changes in acid secretion by a pouch. 
Normal diet consisted of dried grass 250 g plus meals 125 g fed at 9 a.m. and 4 p.m. 
Collection began at 9 a.m. each day and feeding is indicated by the arrows. Shaded 
areas represent the time the sheep spent ruminating. Gr, dried grass; Me, meals; 
(weights in grams). Experiment performed 6 weeks after operation. 
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on 2-5 consecutive days. The flow of material from the abomasum and the 
secretion of acid by the pouch increased during the first hour after feeding 
and reached a peak about the second or third hour; thereafter both para- 
meters declined. When the daily food intake was increased, the flow of food 
material, the amount of water drunk, the secretion of acid and the time 
spent ruminating all increased while decreasing the food intake caused the 
opposite effects (Fig. 6). Similar results were obtained from the second 
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Fig. 6. The effect of increasing and decreasing the food intake (amounts shown in 
grams) on outflow from the abomasum and acid secretion by a pouch. Normal diet 
consisted of dried grass 500 g and 250 g fed at 9 a.m. and 4 p.m. respectively. The 
output of acid and outflow from the abomasum are shown for 60 min collection 
periods. Simultaneous collections began at 9 a.m. each day and the sheep was fed 
between the arrows and at the end of each experiment on days 1 and 2. Shaded 
areas represent the time the sheep spent ruminating. Times between operations and 
the experiment were pouch 5 months and re-entrant fistulae 2 months. 


sheep but the effects of feeding during an experiment were less pronounced 
when the food intake was increased. A possible explanation was that the 
sheep did not consume all its ration at once when the food intake was 
raised but ate at intervals throughout the experiment. Rumination had no 


consistent effect on the flow of material from the abomasum or on acid 


secretion. However, on a few occasions when outflow stopped the return 
coincided with the onset of rumination. : 

In two experiments the outflow of food material declined to a low 
level towards the end of the collection periods. On one occasion the animal 
was fed at that stage but neither acid secretion ‘nor outflow from the 
abomasum increased (Fig. 7). At'the end of the experiment the abomasum 
was found to be empty. 
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The maximum rates of outflow observed from both sheep were 931 and 
936 ml./hr. The pH values and total titratable acidities of the 30 min col- 
lections from both animals remained within narrow limits at all rates of 
outflow. The linear relationship between the rate of outflow and acid 
secretion with the pH values and total titratable acidities of the samples 
from one sheep are shown in Fig. 8. The percentage dry matter of 52 of the 
samples from one sheep fed on dried grass plus meal was 1-4~4-6 g/100 ml. ; 
the concentration of steam-volatile fatty acid in both sheep under extremes 
of feeding and fasting ranged from 4 to 30 mm. : 


300 
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Acid output 
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Grass 500 g Meals 250 g 


Fig. 7. Simultaneous decline in outflow from the abomasum and acid secretion by 
a pouch during normal feeding. A second period of feeding failed to re-establish the 
outflow or acid secretion ; it appeared as if the flow of material from the forestomach 
into the abomasum had stopped. Times between operations and the experiment were 
pouch 12 months and re-entrant fistulae 4 months. 


The effect on acid secretion of preventing and inhibiting the — 

outflow of abomasal contents | 
Two experiments were performed in which one sheep was previously fed 
on an increased amount of food to ensure a continuous and relatively high 
rate of inflow into the abomasum (see Discussion); the sheep was not fed 
during the experiments. After a suitable period of measuring outflow and 
acid secretion simultaneously the pyloric cannula was clamped. In both 
experiments the secretion of acid increased during the subsequent 30- 
90 min and then declined to a low level (Fig. 9). When the pyloric cannula 
was opened 150 and 300 min after being clamped, 0-57 and 1-11. of 
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material gushed rapidly from the abomasum; the pH values of these 
samples were 2-00 and 2-07 respectively. 

In two further experiments a condom, length 15 cm, connected to a 
reservoir of isotonic NaCl solution at 39° C, was inserted through the duo- 
denal cannula and anchored so that the entire length of the condom lay just 
inside the duodenum. Saline was allowed to run into the condom until 
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Acid output (m-equiv/30 min) 
Fig. 8. The relationship between acid secretion by a pouch and the flow of food 
material from the abomasum. @ 30 min collections; O average for each experi- 


ment lasting 7 hr. The samples were obtained from the experiments illustrated in 
Fig. 6. 


abomasal outflow was inhibited, the volume required being 50-60 ml. at 
40-45 em of saline pressure. The procedure decreased the secretion of acid 
in addition to inhibiting abomasal outflow (Fig. 9}. When the saline was 
drained from the condom the secretion of acid and outflow returned simul- 
taneously but there was no rapid and large passage of material from the 
pyloric cannula. 


The effect on acid secretion of infusing acid into the abomasum 
Experiments on three sheep showed that when | |. volumes of an arti- 
ficial abomasal secretion, containing 80—I15 m-equiv of HCl/l., were in- 
fused slowly into the main body of the abomasum, acid secretion by the 
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pouch was profoundly inhibited (Fig. 10). The secretion collected during 
the inhibitory period from one sheep contained up to 10-6 mm of CO,. The 
samples were not collected anaerobically. An infusion of isotonic NaC! 
solution did not inhibit the secretion of acid. 


Clamp released 
570 mi. gushed from 


Duodenum H2-0 
distended 
3 
LS 
a 2 1 a 
0 
300 F 


Abomasal outflow 
(ml /30 min) 


oO 


Acid output 
(m-equiv/30 min) 


Fig. 9. Comparison of the effects of inhibiting and preventing outflow from the 

abomasum on the secretion of acid. Inhibition of outflow was caused by distending 

the duodenum; outflow was prevented by clamping the pyloric cannula. Experi- 

ment performed 6 months after the pouch operation and 3 months after preparing 
__ the pyloro-duodenal re-entrant fistulae. 


The relationship between the rate of flow of secretion and 
the concentration of acid 


In the majority of experiments the concentration of acid in the pouch 
secretion varied with the rate of secretion (Fig. 11) but the relationship 
was not absolute. Between experiments ranging over weeks or months on 
the same sheep relatively high rates of flow were occasionally associated 
with relatively low concentrations of acid. The reasons for this were not 
always apparent but the sheep which was found to have a pyloric ulcer 
developed a high rate of secretion with a relatively low acidity which per- 
sisted. The highest concentration of acid obtained from seven sheep during 
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the feeding regimes adopted was 124 m-equiv/I. At all rates of secretion the 
relative electrolyte compositions of the samples from all the sheep were 
similar; these details will be published elsewhere. 


m-equiv/I. 


Total co, 


Acid output (m-equiv/15 min) 


_ 1 
Time (hr) 
Fig. 10. Inhibition of continuous acid secretion as a result of introducing acid into 
the abomasum. During the time indicated by the arrows | 1. of an artificial secre- 
tion (total acid 115 m-equiv/l.) was dripped into the main body of the abomasum. | 
Times between operations and the experiment were pouch 4 months and re-entrant 
fistulae 2 months. 


The volume of the abomasal contents 


The volume of the abomasal contents in sheep with pouches and pouches 
plus re-entrant fistulae ranged from 150 to 850 ml. on the standard diets. 
Five sheep of similar weights and fitted with simple abomasal cannulae 
were sampled on two occasions while grazing and showed a range of 
50-870 ml. 
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Fig. 11. The relationship between the rate of flow and concentration of acid in the 
secretion from a pouch. The samples were obtained during the experiments illu- 
strated in Figs. 6 and 8; some of the points are duplicated. 


DISCUSSION 
Criticisms of the preparations 


The validity of the conclusions which are to be drawn from the foregoing 
experiments depends on whether the acid-secreting cells of the pouch and 
of the main body of the abomasum respond to physiological stimulation in 
a similar manner both qualitatively and temporally. The concentrations of 
acid and the secretory rate per unit weight of mucosa need not be identical : 
the distribution of acid-secreting cells may not be the same. Experiments 
on five of the sheep used in the present work suggested that the pouch and 
fundic region responded similarly to stimuli which were considered to be 
physiological, e.g. distension of the abomasum and the introduction of 
rumen fluid and buffered solutions into the abomasum (Ash, 1959a). It is 
possible that the concentrations of acid secreted by the pouch were less 
than those secreted by the fundic region, since Sommerville. (1956) has 
shown that the number of parietal cells in the abomasal mucosa of the 
sheep decreased in a craniocaudal direction and the Hill-Gregory pouch 
used here was made from the caudal end of the abomasum. For this 
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_ reason, if the non-acid-secreting cells of the pouch continued to secrete at 
the same rate as those in the main body of the abomasum a comparatively 
lower acidity of the pouch secretion is likely. 

The effect on secretion and on the flow of food material of reducing the 
size of the abomasum by 10-30% and exteriorizing the abomasal outflow 
must also be considered. A comparison of the results from sheep prepared 
in this way with those from sheep in which the outflow was not exteriorized, 
and a comparison of the results from the same sheep before and after 
exteriorizing the flow to the duodenum, do not suggest that this operation 
caused a significant alteration in the composition of the material leaving 
the abomasum or on the pattern of secretion by the pouch and main body 
of the organ (compare Fig. 5 with Fig. 6 from sheep No. 10). In the present 
work the re-entrant fistulae were inserted in the pyloric antrum and the 
duodenum, thus bypassing the pyloric sphincter, but the function of this 
sphincter in controlling the outflow from the abomasum of sheep is not 
known. Thomas (1957) reviewed the subject in monogastric animals and 
stated that ‘...there is as yet no evidence that this function is utilized in 
regulating the overall rate of emptying.’ The method used to measure the 


- outflow can be criticized because the flow of food to the duodenum is 


temporarily interrupted, and even though the material collected was 
rapidly re-introduced into the duodenum the method does not mimic 
exactly the normal course of events. Hunt (1959) considered gastric 
emptying to be a function of a ‘gastroduodenal pump’. The flow patterns 
must therefore be accepted with reservations, but provided the composi- 
tion of the food material remains within the normal limits the actual 
patterns of flow are of no consequence in determining the relationship 
between the rate of outflow and acid secretion. If a ‘gastroduodenal 
pump’ operates in sheep and controls quantitatively the rate at which the 
abomasum empties then the over-all rate of outflow will be high by 10% 
because of the amount of ingesta retained for analysis. 


The effect of feeding on the secretion of acid 


Well defined patterns of acid secretion and abomasal outflow were 
observed only when restricted feeding regimes were imposed on the ani- 
mals. It is not suggested that such patterns occur in the grazing animal 
since the purpose of regulating the food intake in the present experiment 
was to show what can happen and how it may be produced. Not only was 
it necessary to regulate the times of feeding but also the amount of each 
feed so that it was all consumed over a relatively short period. Serial col- 
lections made over periods up to 12 hr suggested that diurnal patterns of 
acid secretion and outflow occurred. These patterns were either less pro- 
nounced or apparently absent when the sheep were maintained on the 
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higher food intakes and also when the food was eaten at intervals through- 
out an experiment rather than at once. 


Acid secretion was stimulated when 250-500 ml. of rumen fluid or — 


buffered solutions was introduced into the abomasum of a sheep with an 
empty rumen and the responses were greater with the larger infusions; 


moreover, the responses were potentiated when the concentration of short- » 


chain fatty acids in the solutions was increased (Ash, 1959). The effect of 
feeding on acid secretion therefore will be influenced by the conditions in 
the forestomach immediately before feeding, i.e. by the quantity and 
composition of the forestomach contents capable of being transferred to 
the abomasum. In the experiment shown in Fig. 7 it seems that food 
material failed to enter the abomasum during the second period of feeding. 
It is extremely difficult to know the conditions existing in the forestomach 
at any one time and to recognize any small changes that may influence the 
rate of flow of predigested food to the abomasum. Consequently, it is 
virtually impossible to obtain a true comparison of the effects on acid 
secretion of feeding either different quantities of the same or a similar 
amount of different foodstuffs. 

The inconsistent responses to feeding and the ne between variation in 
the amount of food and changes in the acid output, together with the daily 
variability in acid secretion on a standard diet, indicated that some factor 
associated with feeding and food intake was more important in determining 
the amount of acid secreted than feeding and food intake per se. The experi- 
mental evidence suggested that the continuous and variable patterns of 


acid secretion were closely related to the flow of food material sass the 
abomasum. 


Acid secretion in relation to the flow of food 
through the abomasum 


An over-all increase in the secretion of acid by the pouch was accom- 
panied by an over-all increase in outflow from the abomasum, but it should 
be noted that spurious correlation exists between the parameters.in Fig. 8. 
The material leaving the abomasum consists of the predigested food 
entering from the forestomach plus the abomasal secretion added to it. As 
the pH and total titratable acidity of the outflow did not vary very much 
it can be concluded that an increase in outflow was due partly to a larger 
flow of material from the forestomach and partly to an increased secretion 
of acid. The relationship between the rate of secretion and the concentra- 
_ tion of-acid therein (Fig. 11) precludes the increase in outflow being caused 
solely by an increase in abomasal secretion. 

It does not follow that the abomasum is always capable of reducing the 
pH of its contents to low values. An important factor influencing gastric 
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emptying is the volume of the gastric contents (Hunt, 1959) since there 
may be situations where a high rate of flow from the forestomach could 
overwhelm the acid secretory capacity and result in a relatively high pH 
of the abomasal outflow. A low acidity of the material leaving the abo- 
masum could also result from an inflow with a very high buffering or 
neutralizing capacity and a high rate of secretion with a low concentration 
of acid. The secretion of the pyloric antrum is unlikely to cause any large 
change in the pH of the contents leaving the abomasum. The rate of flow 
of secretion from pouches made from the whole of the antrum was 
2-8 ml./hr with a bicarbonate concentration of 11-15 m-equiv/l. (Ash, 
19596). The total neutralizing and buffering capacity of this secretion is 
therefore very small when compared with the large volume of highly acid 
abomasal contents. 

Clearly, it was the flow of food material through the abomasum of the 
intact animal which was responsible for the continuity and observed 
patterns of acid secretion. When the outflow of abomasal contents was 
prevented the secretion of acid increased temporarily and then declined to 
a low level. The initial increase was probably the result of increased abo- 
masal distension, because flow into the abomasum from the forestomach. 
may have continued until forestomach motility was reduced (Phillipson, 
1939; Titchen, 1958, 1960; Stevens, Sellers & Spurrell, 1960), when the 
degree of distension reached a critical level. The large volumes of material 
which gushed from the abomasum when the pyloric cannula was opened 
support this idea. The decline in acid secretion was possibly the resultant 
of inhibition of inflow and an increase in the acidity of the abomasal con- 
tents to a value at which acid secretion was inhibited. The acidity of the 
material which gushed from the pyloric cannula was about pH 2-0; the 
introduction of solutions at pH 2-0 into the abomasum failed to stimulate 
the secretion of acid (Ash, 1959a). Additional evidence for the inhibitory 
effect of an increased acidity on acid secretion was provided by the experi- 
ments in which an artificial acid secretion was infused into the abomasum. 
It is necessary to attempt to explain how acid secretion was continuous 
when the acidity of the abomasal contents at the antrum was between 
pH 2-3 yet acid secretion declined at about pH 2. The inhibitory effect of 
acid may not depend entirely on the pH of the abomasal contents and 
values over 2 are probably above the inhibitory threshold under normal 
feeding conditions. Hoflund (1940) observed that the pH of the abomasal 
contents at the cranial end of the organ tended to be higher than that at 
the antrum, while the pH of the predigested food entering the abomasum 
from the forestomach is about 6 (P. K. Briggs, personal communication). 
A similar state of affairs has been shown to exist in the human stomach 
(James, 1957). 
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SUMMARY 


1. A method of preparing sheep is described which allowed the simulta- 
neous measurements of acid secretion by an abomasal pouch and the flow 
of food material from the abomasum. 

2. When restricted feeding regimes were ‘entend on the animals, well 
defined patterns of acid secretion by the pouches were observed but there 
was no consistent response to feeding or to rumination. 

3. There was a close correlation between acid secretion by the pouch 
and the outflow of food material from the abomasum. Increasing the food 
intake increased the amount of acid secreted, the volume of the abomasal 
outflow, the volume of water drunk and the time spent ruminating; de- 
creasing the food intake caused the opposite effects. 

4. Atall rates of abomasal outflow the acidity of the material fluctuated 
only within narrow limits but large changes occurred in the output of acid 
by the pouch. 

5. Preventing outflow did not inhibit acid secretion until the ary of 
the abomasal contents increased to about pH 2-0. 

6. When the flow of material from the abomasum was inhibited by 
distending the duodenum there. was a simultaneous inhibition of acid 
secretion. 

7. Infusions of artificial abomasal secretion (total HCl] 80-115 m-equiv/I.) 
into the main body of the abomasum of normally fed sheep caused a pro- 
found inhibition of acid secretion from the pouches; the secretion obtained 
from one animal during inhibition contained bicarbonate. Isotonic NaCl 
solution did not inhibit acid secretion. 

8. The flow of predigested food from the forestomach into the abo- 
masum stimulated the secretion of acid but it was the rate of passage of 
this material through the abomasum which appeared to determine the 
pattern of acid secretion. 

9. It is concluded that the inflow of food from the forestomach, acid 
secretion by the fundic glands and the flow of material from the abomasum 
are normally integrated and that the acidity of the abomasal contents is of 
major importance in the control of acid secretion. 


I wish to thank Dr A. T. Phillipson for many helpful discussions throughout the course of 
the work. Mr J. Dunnett and Miss Mary Smith are thanked for their skilled technical 
assistance and enthusiastic care of the experimental animals. 
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THE MECHANICAL PROPERTIES OF THE UTERINE CERVIX 
OF THE RAT DURING INVOLUTION AFTER PARTURITION 


By MARGARET L. R. HARKNESS anp R. D. HARKNESS 
From the Department of Physiology, University College London 


(Received 10 October 1960) 


We have previously described the change in mechanical properties of 
the uterine cervix of the rat which enables the foetus to pass through this 
normally narrow rigid canal at the end of pregnancy (Harkness & Hark- 
ness, 19596). It was found that there was an increase in the circumference 
_of the collagenous framework of the cervix, together with a change in its 
nature, so that it became readily distensible by prolonged small forces. 
We have now studied the reversal of these changes after parturition and 
their relation to the rapid removal of collagen from the uterus and cervix 
which takes place at this time (Harkness & Harkness, 1954; Harkness & 
Moralee, 1956). Within 24 hr after parturition, the circumference of the 
collagenous framework decreases to one third of the value at parturition. 
The property of extensibility under prolonged loading is lost. There is, 
subsequently, a slower return of the circumference to approximately the 
non-pregnant value. The alterations in the mechanical properties of the 
cervix take place more rapidly than loss of collagen. A preliminary 
account of this work has already been published (Harkness & Harkness, 
1958). 

METHODS 


The animals were albino rats of the local strain. The methods used for examining the 
excised cervix have previously been described (Harkness & Harkness, 1959b; Cullen & 
Harkness, 1960). It is sufficient to say that two types of measurement were made. 

Dimensional. The inner circumference of the cervix at all levels of tension, applied rapidly 
(minutes) to the point of rupture (from which the tensile strength was derived). Symbols: /,, 
circumference (mm) at zero tension obtained by linear extrapolation (= a, Harkness & 
Harkness, 19596); k, the difference between J, and circumference at breaking tension 
(= 6, Harkness & Harkness, 19596); 1, circumference (mm) under one standard condition 
(see Harkness & Harkness, 1959b). 

Viscous extensibility. The rate of increase in circumference under prolonged tension 
(hours); the term ‘viscous’ extensibility is used, since the tissues under test behave like — 
a viscous element in a rheological model, extending at constant rate under a constant 
load. Symbols: K/l, where K is rate of increase in circumference (mm/min) and I, is circum- 
ference (mm) obtained by linear extrapolation to zero time. K/l, is, therefore, the fractional 
increase in circumference per unit time. The relation of this to tension is not a simple pro- 


portionality and has not yet been fully worked out. Comparisons between tissues may be 
made at known values of tension. 
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Chemical 


All samples were placed in 5 ml. 6N-HCl at the end of tests and hydrolysed for 4 hr at 
40 Ib./sq.in. (2-8 kg/em?) pressure in an autoclave. The hydroxyproline content of the 
hydrolysate was estimated by the method of Neuman & Logan (1950), and the collagen 
content of the sample estimated by multiplying this by 7-46. 


RESULTS 


Circwmference of cervix. The results of experiments concerned with the 
changes in dimensions of the cervix are recorded in Table 1 and Figs. | 
and 2. Circumference (line 7, Table 1) falls in 8 hr to about one third of 
that at parturition. Subsequently there is a further, slower fall, until by 
the eighth day the value is about an eighth of that at parturition. There is 
also a fall in the weight of cervix (line 3), accompanied by loss of collagen 
(line 4), these changes becoming evident 24 hr after parturition. The latter 
change proceeds more slowly so that there is a rise in concentration of 
collagen. 

Tensile strength of tissue. The absolute load required to break the tissues 
rose after parturition and then fell (Fig. 3). The explanation appears to be 
that at first the walls of the cervix become thicker, because the fall in 
circumference proceeds faster than loss of tissue, and the breaking load 
rises. Later there is a loss of tissue, and the walls become thinner and 
hence weaker. Breaking tension per unit cross-sectional area of collagen 


‘shows comparatively little variation over the whole period of study 


(Table 1, line 10). The figures in Table 1 are calculated from inner circum- 
ference. If mean circumference is estimated (mean between inner and 
outer) and used instead, the correction at the early stages after parturition 


is small (about 5°%) but rises to about 30% at 16 days. The effect is to 


reduce the differences in tensile strength per unit cross-sectional area of 
collagen between groups. 

Extensibility. Measurements were made at only one time (24 hr) after 
parturition. Results are given in Table 2. Values of K/I, for the comparable 
tension per unit cross-sectional area of collagen 24 hr after parturition are 
similar to those found in the normal cervix, and 30-40 times lower than 
at parturition (Harkness & Harkness, 1959)). 


TABLE 2. Extensibility of cervix 24 hr after parturition — 


lL, (mm) 16-8 + 1:7 
(mm) 18-1 + 1:8 
108 K/l, 0-59+ 0-18 
Tension at 1, (g/mm? collagen) 490 +77 
Tension at break (kg/mm? collagen) 155+ 0-19 


The estimate of variation is the standard error of the mean. 
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Tension as a fraction of breaking tension 


Fig. 1. The relation of inner circumference of cervix to tension. The curves repre- 
sent mean values for all animals in each group. The time after parturition is given 
against each curve. Tension (abscissa) is given as a fraction of breaking tension. 
Samples tested at 22°C. Semi-log. scale. | 
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DISCUSSION | 
Comparison with changes in pregnancy 
It is of interest first to consider the relation of our results to those 
previously found in pregnancy (Harkness & Harkness, 1959). The circum- 
ference of the cervix during parturition is rather more than twice as great 
as on the last day of pregnancy before parturition (21st day), and this in 
its turn is 3—4 times as great as in the non-pregnant animal and up to the 
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Percentage value at parturition 


Total collagen 


0 1 2 3 4 5 6 7 8 16 


Time after parturition (days) 


Fig. 2. Comparison of time courses of change in total collagen, wet weight and 
inner circumference of cervix after parturition. The values of wet. weight and 
total collagen are means for all rats. The measure of circumference is /,, for 
samples tested at 22°C. All values are given as percentage of the value at the 
time of parturition. 


12th day of pregnancy. Thus, it is evident that there is, comparatively, a 
very large change in the last 24 hr or so before parturition. After parturi- 
tion the course of change in circumference i is more rapid than that which 
precedes it. 

For comparison. with measurements of the circumference of the cervix 
made during parturition it may be stated that the circumference of the 
foetal head is about 35 mm (Harkness & Harkness, 1959). This is rather 
less than the value of J,, obtained at parturition by extrapolation of the 
length-tension curve to zero load, which may be taken as a measure of the 
size of the unstretched collagenous framework. The reason J, is not equal 
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to the size of the foetal head, but slightly larger, is probably because there 
is a thin partition across the upper part at least of the cervical canal, divid- 
ing the two sides so that an individual foetus does not have unhindered use 
of the whole circumference we have measured, but dilates the cervix asym- 
metrically. This explanation is borne out by a single instance that we 
observed of a rat, killed during parturition, which proved to have foetuses 
in only one horn. In this animal dilatation of the cervix was asymmetrical. 


1000 


Breaking load (g) 


0 1 2 3 4 . 6. 7 8 16 
Time after parturition (days) 


Fig. 3. Breaking load at different times after parturition. The length of the 
vertical line through each point is twice the standard error of the mean. Tests 
done at 22° C. 


Changes in the first day after parturition 


The changes after parturition fall roughly into two phases, an early one 
of rapid change and consolidation of the tissue in the first day, and a later 
one of slow change associated with the general involution of the repro- 

‘ductive tract which occurs post partum after the first 24 hr. In the first 
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phase, immediately after parturition, a reduction in circumference is 
presumably brought about by contraction of smooth muscle. This, however, 
is rapidly made permanent by a consolidation of the tissue; the property 
which we have called viscous extensibility is lost, and the tissues cannot 
be stretched again. It is obvious from the nature of this consolidation that 
it cannot be the result of muscular activity, but must reflect a change in 
the collagenous framework ; it takes place with little or no alteration in the 
total collagen of the tissue. This fact, and the rapidity of the change, make 
it unlikely that there is removal of collagen and replacement by a newly 
formed framework of smaller size. It seems probable that the property 
which we have called ‘viscous extensibility’ involves slip between the 
collagen fibrils or fibres. The unit of collagen structure in tissues is well 
known to be the fibril, a cylindrical structure of unknown but great length, 
having, in a given tissue, a relatively uniform diameter of usually 500- 
1000 A, and consisting, apparently, only of the protein collagen itself. 
Electron microscopical examination shows these fibrils to be separated by 
spaces which must, in life, be filled by some material not yet identified. 
Since collagenous tissue in general appears to show this extensibility only 
to a small extent, it can be concluded that the fibrils themselves are in- 
extensible. Thus, there are a priori grounds for supposing that this type of 
extensibility, when found, involves slip between, rather than within, the 
collagen fibrils. The fact that extensibility is greatly increased by the 
proteolytic enzymes trypsin and chymotrypsin (Harkness & Harkness, 
1959a), which have been found to have little or no apparent effect on 
collagen when in solid form, has to be used to support this hypothesis. 
However, in view of the recent finding of Hodge, Highberger, Deffner & 
Schmitt (1960) that trypsin can attack the free ends of the collagen mole- 
cule in solution, this argument is of doubtful validity, and the nature of the 
‘slow extension remains obscure. | 

It is customary to regard the collagenous framework of connective tissue 
as a relatively permanent, fixed structure, and in general it is clear that 
this view is correct. The tissues of the genital tract have previously been 
found to be exceptional in that they can destroy collagen after parturition 
at such a rate that the time to half loss is only 1-2 days in the rat, con- 
siderably less than the half life, in this animal, of such metabolically active 
material as plasma protein. It is now clear that still more rapid changes 
can take place in the mechanical properties of the collagenous framework 
of the genital tract, but it seems unlikely that the physiological importance 
of the properties we have been investigating is confined to this tract. One 
might expect, for example, that similar changes are involved in the closure 
of the ductus arteriosus after birth. 
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Comparison of later changes with contraction in wounds 

In the second phase of the changes in the cervix, from 24 hr on, there is 
a much slower fall in circumference which roughly parallels the general 
involution of the tissue, shown by fall in weight and total collagen content. — 
Change in circumference, which is a linear dimension, cannot be compared 
directly with change in total collagen content, but might be expected, if 
the two were linked, to be proportional to the cube root of the latter. 
Although the relation does not hold exactly, the circumference falling 
rather more than would be expected, it is nevertheless clear that the two 
changes proceed with similar time courses. 

The later change in circumference of the cervix resembles the ‘contrac- 
tion’ of wound tissue, and it is reasonable to suppose that similar processes 
in the connective tissues are involved in both. The. process of wound con- 
traction in skin, where it has principally been studied, consists in the 
drawing together of the edges of the wound and reduction in the area 
enclosed by them. Both processes diminish in rate with time, and can be 
described, approximately, in terms of one or more exponential time 
constants. From 24 hr to the eighth day the contraction of the circum- . 
ference of the cervix has a half time of 5-6 days. Times of half reduction of 
linear dimensions for wounds, assumed proportional to square root of area, 
vary both with time after wounding and between experiments, from as low 
as 2-4 days (Van den Brenk, 1956; Grillo, Watts & Gross, 1958a, b) during 
the most rapid phase of contraction, to 2 months or so in the later phases 
(Abercrombie, Flint & James, 1954, 1956; Billingham & Medawar, 1955; 
Billingham & Russell, 1956). Although greater changes have been reported 
in wounds, in the majority of reports the extent of contraction is similar to 
that found in cervix, ie. to between 4 and } the original linear dimensions. 
Quantitatively the two processes. are therefore comparable. Another 
resemblance is that in both, during the contraction, there is an absolute 
loss of substance from contracting tissue and the material lost includes 
collagen (Grillo et al. 19584, b). 

The nature of wound contraction and the origin of the forces which 
bring it about are still disputed (see Abercrombie, James & Newcombe, 
1960). Experiments such as those reported here have not been done on 
wounds, but it is reasonable to suppose that in them also the contraction 
involves a diminution in the size of the collagenous framework. None of 
the hypotheses so far put forward has taken this into consideration. 


SUMMARY 


1. Changes in the circumference and ‘mechanical properties of the 
cervix uteri of the rat, from the time of parturition to 16 days after, have 
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been investigated by stretching the tissue between two parallel rods, one 
through each canal. 

2. There was a rapid decrease within 8 hr in the circumference of the 
collagenous framework of the cervix, to about one third the value at 
parturition, followed by a slower reduction to a third again in the next 
2 weeks to a value near the normal. 

3. The initial decrease in circumference takes place with little change 
in the total collagen content of the tissue, but the later change is associated 
with the general involution of the tissue which occurs after parturition. 

4. Within 24hr after parturition the collagenous framework of the 
cervix loses the ability which it develops during pregnancy, to extend 
continuously under prolonged low loads, and its behaviour resembles that 
of a normal non-pregnant cervix. 


We are very grateful to Miss Shirley M. Fitch for her skilled technical assistance. 
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SUPERSENSITIVITY OF SALIVARY GLAND CAUSED 
BY BOTULINUM TOXIN 


: By N. EMMELIN 
From the Institute of Physiology, University of Lund, Sweden 


(Received 10 October 1960) 


Certain pharmacological agents interfering with the transmission of 
nerve impulses have been found to sensitize effector cells to chemical 
stimuli if allowed to act for some days. Prolonged treatment with para- 
sympatholytic substances increases the responsiveness of salivary and 
lachrymal glands and of the smooth muscle of the stomach (Emmelin & 
Muren, 1950, 1952; Emmelin & Strémblad, 1956, 1957; Stromblad, 1956; 
Muren, 1957). Ganglion-blocking compounds, administered for some time, 
sensitize the submaxillary gland and the nictitating membrane (Emmelin, 
1959). Treatment with reserpine causes a supersensitivity in various 
organs supplied with adrenergic nerves (Burn & Rand, 1959). Recently 
Thesleff (1960) has shown that botulinum toxin, injected into the muscu- 
lature of the cat’s hind leg or applied to the exposed surface of the tenuis- 
simus muscle, produces a supersensitivity in this muscle which is similar 
to that seen after severance of the motor nerve (Axelsson & Thesleff, 1959). 

In the present experiments the effect of botulinum toxin on the sensi- 
tivity of the cat’s submaxillary and parotid glands was investigated. . 


METHODS 


Twenty cats were used for these experiments. About once a week the level of sensitivity 
of the salivary glands was estimated, with a short-acting barbiturate as an anaesthetic, 
as earlier described (Emmelin & Muren, 1952; Emmelin & Engstrém, 1960). Hexobarbitone 
was given when adrenaline and dopamine were used to evoke secretion, and Baytinal Bayer 
(sodium 5,5-allyl-(2’-methyl-propyl)-thiobarbituricum) when methacholine and _ acety!- 
choline were used for this purpose. In the latter case hexamethonium 5 mg/kg was adminis- 
tered intracardially to abolish any reflex secretion. This is not required in hexobarbitone 
anaesthesia owing to the atropine-like effect of the anaesthetic. 

To estimate the sensitivity standard doses were injected of adrenaline (0-5, 1, 2, 5 and 
10 yg/kg), of dopamine (0-2 and 0-5 mg/kg), of methacholine (0-25, 0-5, 1 and 2 pg/kg), and 
of acetylcholine (0-5, 1 and 2 pg/kg). For submaxillary glands adrenaline and dopamine 
were used as a routine; occasionally methacholine and acetylcholine were given. Parotid 
glands, very insensitive to sympathomimetic drugs, were stimulated with methacholine only. 

When the level of sensitivity of the normal gland had been determined, botulinum toxin, 
type A, was injected into the gland from a syringe, attached by a polythene tube to a fine 
glass cannula temporarily inserted from the mouth into the salivary duct. The amount of 
toxin given varied between 0-2 and 50 ug, dissolved.in 0-1—0-2 ml. saline solution. Before 
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this injection 1 mg/kg of a parasympatholytic drug (aa- diphenyl-y-pip 
Hoechst 9980) was given intracardially in most cases. In some experiments 0- 2 ml. saline 
solution was injected through the contralateral duct as a control. 


RESULTS 


In the first experiments doses of the toxin of 10-50 yg were used. In 
some of these cases the sensitivity of the gland injected was found to start 
to rise, but the animals died within a week. Doses of 0-2—1 ug were usually 
tolerated but did not cause any marked sensitization. In order to abolish, 
for some hours, all reflex secretion, which could wash out the toxin, the 
drug Hoechst 9980 was introduced; the dose of the toxin given was then 
always 1 yg. This procedure was regularly found to cause a marked super- 
sensitivity. The single dose of the parasympatholytic alone did not cause 
any sensitization, nor did the control injection of saline solution into the 
duct. 


Submaxillary glands. Figure 1 shows the results of an experiment on - 


the submaxillary gland, carried out over a period of 4 weeks. The secretory 
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Fig. 1. Effect of botulinum toxin on the submaxillary gland. Ordinates: drops of 

saliva in response to different doses of adrenaline. Abscissa: dates of experiments. 
On 20 November 1 yg of the toxin was given into the right duct. Solid lines corre- 
spond to right, broken lines to left gland. -~-~ gland. Responses to adrenaline: 
x 10 pg/kg, @ 5, O 2, © 1 pg/kg. 
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responses to four different doses of adrenaline can be seen. One week 
after the injection of botulinum toxin a supersensitivity was obvious and 
it increased and had reached a maximum after 3 weeks. A similar picture 
is seen when the chorda tympani is cut or treatment with a parasympa- 
tholytic agent given. In all three cases the threshold dose is lowered, and | 
the responses to moderate doses of the secretory agent raised. 


Time (months) 


Fig. 2. Submaxillary gland. Supersensitivity caused by 1 yg botulinum toxin 
injected at zero time. Solid lines: responses of injected gland to adrenaline: 
x 10, @ 5, O 2 ug/kg. Interrupted line: responses to dopamine 0-5 mg/kg. 


After 3-4 weeks a small decline in the responses to the standard doses 
could be seen. This is found after severance of the chorda also, In both 
instances it is probably due to atrophy of the gland. In one cat the glands 
were extirpated 1 month after the injection of botulinum toxin, The 
injected gland weighed 0-650 g, the contralateral gland 1-078 g. In an- 
other cat the corresponding figures 3 weeks after injection of the toxin 
were 0-980 and 1-260 g, respectively. : 

When the sensitivity was observed over a saa period of time it was 
found to continue to fall off, as shown in Fig. 2. Eventually, after about 
8 months, the pre-treatment level had been reached. The animal was now 
killed in an acute experiment. Chorda stimulation was found to be as 
effective on the injected as on the untreated gland; the former gland 
weighed 1-225 g, the latter one 1-265 g. Obviously the effect of the toxin 
had slowly worn off and normal conditions had been restored. | 
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Supersensitivity towards dopamine, acetylcholine and methacholine was 
also found to develop in submaxillary glands treated with botulinum toxin. 

The level of supersensitivity reached after injection of the toxin was 
high, as can be seen in Figs. 1 and 2. Whether it was as high as that attain- 
able by section of the chorda, or higher, in these two cases is not known, 
since the chorda was not cut in these cats. In three other experiments, 
however, the chorda of the injected side was cut when the supersensitivity 
caused by the toxin had reached a maximum. Stimulation of the peri- 
pheral end of the nerve caused a small but definite secretion ; in the course 
of the following weeks the sensitivity showed a further rise. The chorda of 


in, 
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Fig. 3. Supersensitivity of a parotid gland caused by | yg botulinum toxin in- 
jected through the duct on 14 January. Drops of saliva (ordinates) in response to 


methacholine; x 2 ug/kg, @ 1, O 0-5 and © 0-25 pg/kg. On 11 February the auri- 
culo-temporal nerve fibres were cut. 


the contralateral submaxillary gland was then cut. The supersensitivity 
that ensued was found to be slightly lower than that of the gland subjected 
both to botulinum toxin and section of the chorda. In one of these cats 
treatment with the parasympatholytic drug Hoechst 9980 was later given. 
There was a further increase in sensitivity on both sides; and the two 
glands reached the same level of supersensitivity. 

Parotid glands. Botulinum toxin injected through the parotid duct 
caused a supersensitivity in the parotid gland. The sensitizing effect 
towards four different doses of methacholine is shown in Fig. 3. The parotid 
gland was treated with botulinum toxin in five cats. When a fairly con- 
stant degree of supersensitivity had developed, the post-ganglionic para- 
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sympathetic fibres of the glands were cut. In four of the glands this resulted 
in a further rise in the sensitivity. In one gland, the one shown in Fig. 3, 
this was not the case. 


DISCUSSION 


The supersensitivity following injection of botulinum toxin into the 
salivary glands resembles that caused by parasympathetic denervation 
in the following respects. It develops gradually and shows the same time 
course. It is unspecific, demonstrable both with sympathomimetic and 
parasympathomimetic drugs. The threshold dose of the stimulating agent 
is lowered and the response to a dose causing a submaximal effect on a 
normal gland is increased. | 

As to the quantitative aspect, the degree of sensitization was usually 
lower than that caused by section of the parasympathetic fibres. The level 
of supersensitivity reached after injection of the toxin could be further 
raised in most parotid glands by cutting the post-ganglionic para- 
sympathetic fibres and in the submaxillary glands even by cutting the 
preganglionic fibres. Botulinum toxin is known to affect the endings both 
of pre- and post-ganglionic cholinergic fibres (Ambache, 1951); in the sub- 
maxillary gland this was clearly demonstrated by Hilton & Lewis (1955). 
After injection through the salivary duct the toxin reached only post- 


_ ganglionic endings in the parotid gland but both types of endings in the 


submaxillary gland. In one parotid gland the supersensitivity caused 
by the toxin could not be further increased by post-ganglionic denervation, 
and it seems reasonable to assume that all the post-ganglionic parasympa- 
thetic endings were affected by the toxin. In the other parotid glands the 
blockade by the toxin was probably incomplete. In the submaxillary 
glands the effect of the toxin was found to be incomplete: stimulation of 
the chorda produced secretion, showing that some pre- and post-ganglionic 
endings could still function. Section of the chorda increased the super- 
sensitivity ; it increased it above the level reached after cutting this nerve 


in a non-intoxicated gland. This can be interpreted to mean that the toxin 


had produced a partial post-ganglionic ‘denervation’; for it is known that 
cutting the chorda and dissecting it as close to the hilum as possible, thus 
causing a complete preganglionic and a partial post-ganglionic para- 
sympathetic denervation, evokes a supersensitivity more pronounced 
than that caused by cutting the chorda alone (Emmelin, 1960a). Not only 
post-ganglionic but preganglionic endings also were probably affected 
by the toxin in these experiments; Hilton & Lewis (1955) found the effect 
of preganglionic stimulation easier to abolish with botulinum toxin than 
that of post-ganglionic stimulation. 7 : 

The finding that the supersensitivity caused by botulinum toxin cannot 
be superimposed upon that produced by prolonged ‘atropinization 1s mM 


¥ 
% 
¥ 
4 
5. ii. 
t 
i 
4 
» 


126 N. EMMELIN 


keeping with the interpretation given above, since the latter procedure 
corresponds to a complete post-ganglionic parasympathetic denervation. 
The fact that such a complete ‘denervation’ was attained only in one 
case with botulinum toxin is no doubt due to insufficient dosage; but the 
dose used seemed to be the highest one that could safely be used in long- 
term experiments. 

Botulinum toxin is assumed to interfere with the release of acetyl- 
choline (Burgen, Dickens & Zatman, 1949; Thesleff, 1960). The fact that 
it causes a supersensitivity seems to afford additional evidence to show 
that acetylcholine normally exerts some action to keep the sensitivity 
of the salivary gland cells low (see Emmelin, 19606). 

In most of the experiments a small dose of the parasympatholytic Paes 
Hoechst 9980 was given intracardially before the injection of the botulinum 
toxin. This drug is able to sensitize the gland cells, but to do so it has to be 
given repeatedly. It may be pointed out that the gland not receiving the 
toxin injection showed no supersensitivity ; furthermore, in the early experi- 
ments the toxin was given alone and the development of a supersensi- 
tivity could clearly be detected before the animals died from botulinum 
intoxication. These observations support the view that the supersensi- 
tivity studied in this investigation was due to the toxin; the very long- 
lasting effect points in the same direction. The function of the para- 
sympatholytic was merely to suppress salivary secretion for some time 
after the administration of the toxin. Fixation of the toxin to the gland 
was thereby favoured, the local sensitizing effect was promoted and the 
risk of general intoxication from swallowed toxin diminished. | 


SUMMARY 


1. Cats were anaesthetized repeatedly with a short-acting barbiturate. 
the submaxillary or parotid ducts cannulated from the mouth and the 
secretory responses to standard doses of adrenaline, dopamine, acety!- 
choline and methacholine estimated. 

2. Injection of botulinum toxin, type A, ‘through the salivary duct 
towards the gland was found to produce a supersensitivity towards the 
secretory agents. The sensitivity rose gradually, reaching a maximum 
within about 3 weeks and declining slowly in the course of about 8 months 
to the pre-treatment level. 

3. The supersensitivity resembled that caused by parasympathetic 
denervation of the glands. It is inferred that the sensitization in both 
cases is due to lack of some action of acetylcholine on the gland cells. 


Dr 8. Thesleff of the Department of Pharmacology, University of Lund, very kindly 
supplied the botulinum toxin and helped with its injection. 
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EFFECT OF EXERCISE ON THE LEVEL OF ANTIHAEMO- 
PHILIC GLOBULIN IN HUMAN BLOOD 


By C. R. RIZZA* 
From the Blood Coagulation Research Unit, Churchill Hospital, Oxford 


(Received 28 October 1960) 


It is thought that the coagulation defect in haemophilia is due to the 
absence of an essential blood-clotting factor. This factor, called anti- 
- haemophilic globulin (AHG), is present in fresh normal blood, but deterio- 
rates when blood is stored. At present the only way of correcting the 
haemostatic and coagulation defect in haemophilia is by transfusions of 
blood, plasma or plasma protein concentrates rich in antihaemophilic 
globulin, and it is therefore desirable to understand the mechanism 
whereby AHG activity disappears from stored blood and plasma. 

The fibrinolytic enzyme, plasmin, is one of the agents which is known to 
destroy AHG (Wagner, Pate & Brinkhous, 1954; Brakman, van Creveld, 
Engelsman, van’t Laar, Mochtar & Veder, 1959) and Penick & Brinkhous 
(1956) have suggested that the loss of AHG activity of blood on storage 
might be due to the presence of traces of plasmin. | 

Biggs, Macfarlane & Pilling (1947) demonstrated increased fibrinolytic 
_ activity in the blood of normal people after vigorous exercise. This observa- 
tion seemed to provide a satisfactory way of studying the effect of the 
naturally occurring fibrinolytic enzyme on the stability of AHG in stored 
blood, and experiments were done in which the deterioration of AHG was 
_ studied in the blood collected from healthy subjects before and after 
exercise. In the course of the investigation it was observed that the blood 
samples taken after exercise showed much more AHG activity than the 
samples taken before exercise. This unexpected finding is the subject of 
this paper. 


METHODS 

Blood was collected by venepuncture into a silicone-coated syringe and mixed with 
1/9 volume of trisodium citrate (3-8 g/100 ml.) in a silicone-coated tube. The blood was then 
spun at 700 g for 10 min and the supernatant plasma separated. 

Assay of AHG was performed according to the method of Biggs, Eveling & Richards 
(1955). The AHG level of the blood after exercise was expressed as a percentage of the level 
before exercise. In the experiments in which plasma was infused into haemophiliacs the 
AHG levels were expressed as a percentage of a standard pool of four normal plasma samples. 


* MRC Clinical Research Fellow. 
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Factor-V -deficient plasma was prepared by incubating oxalated plasma at 37° C for 36 hr. 

Factor V was assayed by determining the ability of the test plasma to correct the pro- 
longed one-stage prothrombin time of Factor-V-deficient plasma (Owren, 1947). 

Fibrinogen concentration of plasma was estimated by clotting the diluted plasma with 
0-025 m-CaCl, and then carrying out a standard micro-Kjeldahl digestion on the washed clot. 

Prothrombin was measured by the two-stage method of Biggs & Douglas (19532). 

Christmas factor was assayed according to the method of Biggs, Bidwell, Handley, 
Macfarlane, Trueta, Elliot-Smith, Dike & Ash (1961). This assay is based on the thrombo- 
plastin-generation test of Biggs & Douglas (19536) and measures the ability of a test serum 
_ to correct the defective thromboplastin generation in the serum of a patient suffering from 
Christmas disease. 

The one-stage prothrombin time was determined by a modification of Quick’s one-stage 
procedure as described by Biggs & Macfarlane (1957). 

The whole-blood clotting time and the plasma recalcification time in glass and silicone-coated 
tubes were carried out as described by Biggs & Macfarlane (1957). 

The thromboplastin-generation test was carried out as described by Biggs & Douglas 
(19536), except that a chloroform extract of brain was used in place of a platelet suspension. 

The prothrombin consumption test was performed according to the method of Merskey 
(1950) and expressed as an index. 

Fibrinolytic activity in citrated plasma was demonstrated by the method of Macfarlane & 
Biggs (1946). 

Exercise procedure. All the subjects performed the same exercise, which entailed running 
as fast as possible around the hospital perimeter, a distance of approximately } mile 
(1:2km). The time taken to complete the run was 5-8 min and varied with the physical 
fitness and age of the subject. Blood samples were taken by venepuncture immediately 
before and immediately after exercise and in some cases at varying intervals throughout 
the day. 


RESULTS 
Effect of exercise on AHG activity in the blood of normal subjects 


The effect of exercise on the level of AHG activity in the blood of normal 
people was studied in 18 experiments on fifteen subjects (eleven males, 


four females, aged 18—55 years). In each case there was a marked increase | 


in the AHG activity of the blood after exercise, irrespective of the age or 
sex of the subject (Table 1). 

Additional blood samples were obtained from four of the above subjects 
at.intervals of 2, 4 and 6 hr after exercise, in order to see how long the level 
of AHG activity would remain raised. The average AHG level of blood 
taken from four subjects 6 hr after exercise was still about 60% higher 
than the control level. There was considerable variation from person to 
person in the percentage increase of AHG after exercise and the response 
of the same individual varied from day to day, as is shown by the figures 
for subjects 2 and 5 in Table 1. 

In the above experiments the exercise performed was strenuous. The 
effect of less vigorous exercise on the AHG level was studied in five normal 
subjects after they had walked 3 miles (4-8 Km) and 6 miles at an average 


speed of 5 miles/hr. This amount of exercise failed to raise the AHG level. 
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After completing the 6 mile walk, two of the subjects ran ? mile as fast as 
possible. The level of AHG in both cases rose to 200 % of the level before 
exercise. 


Effect of repeated venepuncture on AHG activity in the blood of 
normal subjects 
To investigate the possibility that the trauma and pain of venepuncture 
might in some way raise the level of AHG activity, blood samples were 
taken at 10 min intervals from six healthy volunteers (three males, three 
females) at rest. Four of the subjects had three venepunctures and the 


TABLE 1. Effect of exercise on plasma AHG level of normal subjects 


Level of AHG after exercise 

Subject Age Sex (% of level before exercise) 
1. 28 M 200 
*2 30 M (a) 143 
(b) 200 
3 30 M 314 
4 24 F 180 
*5 28 M (a) 180 
(b) 227 
(c) 300 
6 18 F 200 
7 25 M 333 
8 25 M 250 
9 23 F 231 
10 21 F 170 
1] 55 M 260 
12 35 M 200 
13 30 M 200 
14 28 M 215 
15 23 M 139 
Average 219 


* The figures a, b and c were obtained on subjects 2 and 5 on different days. 


remainder had two each. There was no consistent changé in the AHG level 
with successive venepunctures, the average levels being 101% after the 
second venepuncture and 97 °%, after the third venepuncture compared with 
an initial level of 100%. All the subjects were accustomed to venepuncture 
and in previous experiments all had shown a rise of AHG after exercise. 


Effect of exercise on the level of AHG activity in the blood of 
mildly affected haemophilic subjects 
It having been observed that strenuous exercise raises the AHG activity 
of the blood of normal subjects, experiments were carried out to see if 
haemophilic subjects would react to exercise in a similar manner. Only 


mildly affected haemophiliacs took part in these experiments, the risk of — 


joint and muscle injury in severely affected haemophiliacs being too great 
to justify their taking part in such an investigation. 
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Three experiments were carried out on two haemophilic volunteers. On 
the basis of family history, severity of bleeding and level of AHG in their 
blood, both were considered to be mild cases (Biggs & Macfarlane, 1958). 
Samples of blood were taken before and after a ? mile run and the level of 
AHG activity assayed. In each case there was a marked increase in the 
AHG activity after exercise, the level after exercise being approximately 
250% of the level before (‘Table 2). The increase in activity is thus of the 
same order as that obtained in the normal subjects. 


TABLE 2. Effect of exercise on the plasma AHG level of 
mildly affected haemophilic subjects 


AHG level (% of normal plasma) | 
— A —~ AHG level after exercise 
Subject Age Before exercise After exercise (% of level before exercise) 


py 22 (a) 25 60 240 
(6) 30 70 233 

J.B. 26 15 40 266 

Average 246 


Lines (a) and (b) refer to two runs by A.T. on different days. 
Possibility of artifact 7 

Effect of exercise on levels of other clotting factors. It is possible that th 

‘increase of AHG in the blood recorded after exercise is an artifact and is 
due to the assay system being sensitive to changes in some other plasma 
constituent. In the assay method used in this study the test plasma was 
adsorbed with Al(OH), and then various dilutions of the plasma were 
tested in a modified thromboplastin generation test. It has been found in 
this test that the amount of thromboplastin generated is directly propor- 
tional to the amount of AHG present, provided the other clotting factors 
are kept constant. It was therefore essential to study the level of other 
clotting factors after exercise, especially those factors known to take part 
in the generation of thromboplastin. In experiments on two normal sub- 
jects the levels of Christmas factor, Factor V, prothrombin, fibrinogen and 
AHG were assayed before and after exercise. The level of AHG activity 
rose in both subjects, but there was no increase in any of the other factors 
studied (Table 3). 

Possible effect of fibrinolysin on the AHG assay. Biggs et al. (1947) have 
shown that strenuous exercise produces fibrinolytic activity in the blood of 
normal human beings. In the present study all the subjects who under-— 
took vigorous exercise showed marked fibrinolytic activity in their blood 
as well as a rise in AHG activity, whereas those subjects who performed 
less vigorous exercise, a 3 mile and 6 mile walk, for instance, showed little 
or no increase in fibrinolytic or AHG activity. These findings suggested 


that the presence of fibrinolysin in the blood might be affecting the AHG 
9-2 
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assay and giving falsely high results. This possibility seemed unlikely, how- — 


ever, when it was found that blood collected 4 and 6 hr after exercise still 
showed high AHG levels (see p. 129) but no detectable fibrinolytic activity. 
Moreover, in experiments in which streptokinase was added to fresh 
citrated blood to activate the fibrinolytic system, no rise in AHG activity 
could be demonstrated. On the contrary, there was a loss of AHG activity. 

Infusion into haemophiliacs of plasma from exercised donors. If plasma 
collected after exercise contains 2-3 times the normal amount of AHG one 
would exvect that an infusion of this plasma into a haemophiliac would 


produce a greater rise in his blood AHG level than would an infusion of - 


plasma from non-exercised donors. Two severely affected haemophiliacs, 


TABLE 3. Effect of exercise on level of AHG and other 
clotting factors in the plasma of two normal subjects 


Level after exercise 
(% of level before exercise) 


Subject 1 Subject 2 
AHG 275 250 
Factor V 100 100 
Prothrombin 105 108 
factor 70 100 
Fibrinogen 108 108 


F.E. and R.B., were each given 1 litre of plasma prepared from the blood 
of donors who had performed strenuous exercise. Samples of blood were 
taken from the two subjects immediately before and immediately after the 
infusion and then 24 hr later. The AHG response of patient F.E. was con- 
sistent with his plasma dose containing 200% of AHG, but in the case of 
R.B. the response was more than would have been expected from plasma 
in the dose which he was given. This is so far unexplained. The blood of 
both patients contained 10% of AHG 24 hr after the infusion (Table 4). 

Three days before the above experiment was carried out R.B. was given 
11. of plasma collected from non-exercised donors. The AHG content of 
this plasma dose was 80% of normal plasma and the patient’s AHG level 
immediately after the infusion had risen to 12% of normal. Twenty-four 
hours later the level had returned to zero. 

Strictly speaking, these experiments served mainly as a check on the 
AHG level of the administered plasma. The best evidence for increase in 
AHG activity would be the demonstration that plasma from exercised 
donors was more effective than plasma from non-exercised donors in con- 
trolling haemophilic bleeding. It would be difficult, however, without an 
extensive clinical trial to differentiate between plasma doses containing 
100 and 200 °%% of AHG respectively. 
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Effect of exercise on other tests of blood clotting 

Several workers have found that the clotting time of blood is shortened 
by exercise (Hartman, 1927; Mills & Necheles, 1928; Schneider & Zangari, 
1951). In view of these reports of increased coagulability of the blood after 
exercise, experiments were done in which the AHG assay was carried out 
in parallel with some routinely used tests of clotting function. Five normal 
subjects and two mildly affected haemophiliacs took part in this investiga- 
tion. The tests carried out in addition to the AHG assay were: the whole 
blood clotting time in glass and siliconed tubes, the recalcification time of 
platelet-rich and platelet-poor plasma in glass and siliconed tubes, the 
Quick one-stage test and the thromboplastin-generation test. In the case 
of the two haemophiliacs the prothrombin consumption index was also 
determined. In none of the tests on normal subjects did the blood or 
plasma consistently show more rapid clotting after exercise, although the — 


Tasie 4, AHG response of haemophilic subjects following infusions of 
plasma from exercised and non-exercised donors 
ae AHG levels (expressed as % of normal plasma) 


Plasma dose prepared Plasma dose prepared 
from blood of from blood of 


exercised donors non-exercised donors 
R.B. F.E. R.B. 

AHG activity in patients’ blood before dose 0 0 0 

AHG activity of dose . 152 200 80 

AHG activity in patients’ blood after dose 50 25 12 

AHG activity in patients’ blood 24 hr after dose 10 10 0 


level of AHG activity in every case rose to more than 200% of the level 
before exercise. With regard to the tests in the two haemophilic subjects, 
the whole-blood clotting time, recalcification time and thromboplastin- 
generation test were normal before exercise, and showed no change after 
exercise, but the prothrombin consumption index in both was found to be 
slightly abnormal before exercise, 23-6 and 16%, and normal after exer- 
cise, 9-2 and 7-1 %, respectively. (In this laboratory, at present, the upper 
limit of ‘normal’ for the prothrombin consumption index is 10%.) 


DISCUSSION 


In the past the effect of exercise on the blood-elotting mechanism has 
received little attention. The present investigation shows that strenuous 
muscular exercise brings about a marked increase of AHG activity in the 
blood of normal subjects and mildly affected haemophiliacs. 

Hartman (1927) found that cat’s blood clotted more quickly after 
exercise and Mills & Necheles (1928), experimenting on human beings and 
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dogs, also found more rapid clotting after exercise. More recently Schneider 
& Zangari (1951) have shown that the clotting time of blood in silicone- 
coated tubes is accelerated after exercise. In the light of the present study 
it seemed possible that the raised coagulability of the blood after exercise 
observed by these workers might be related to the increase of AHG 
activity. In a series of experiments carried out to investigate this possi- 
bility it was found that even with an increase of AHG to 250 % of normal 
there was no convincing evidence that blood clotted more rapidly after 
exercise. 

The finding that the AHG level is increased by exercise is of practical 
and theoretical importance. Several workers consider that the AHG 
content of the blood is genetically determined and fixed for the individual 
(Graham, McLendon & Brinkhous, 1953; Brinkhous, Langdell, Penick, 
Graham & Wagner, 1954). Although it is possibly true that each individual 
has a basal level of AHG which is genetically determined, there seems little 
_ doubt from the above experiments that the level is not fixed but is labile. 
This is of considerable practical importance with regard to the AHG assay. 
In this assay, as in other biological assays involving impure systems, the 
provision of a suitable standard presents a problem. Biggs (1957) used 
a pool of four plasma samples to represent 100° of AHG, whereas others 
(Pool & Robinson, 1959) used plasma samples obtained from the same 
individuals at intervals and stored at — 20°C. Biggs et al. (1955) used a 
freeze-dried concentrate of bovine AHG as a standard and this, in view of 
the effect of exercise in the level of AHG, would seem to be the most 
satisfactory standard, especially when one wishes to compare the AHG 
levels of individuals from day to day. 

The mechanism whereby exercise produces a rise in the AHG activity of 
the blood is not known, but further study of this phenomenon may lead to 
the understanding of the conditions which govern the level of AHG in the 
blood of normal people and may throw more light on the nature of the 
coagulation defect in haemophilia. | 


SUMMARY 

1, Strenuous physical exercise increased the AHG activity of the blood 
of normal people and of mildly affected haemophiliacs. The rise in AHG 
activity was apparent after 4-6 min of vigorous exertion and ‘Persisted for 
at least 6 hr. 

2. There was no increase in the levels of Christmas factor, Factor V, 
_ prothrombin or fibrinogen with exercise. 

3. Plasma from exercised donors was infused into two severely affected 
haemophiliacs. The AHG response in the blood of the haemophilic sub- 
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jects confirmed that plasma after exercise contained increased AHG 

activity as reflected in the assay. | 
4. The high AHG level after exercise was not associated with increased 

coagulability of the blood in the routinely used blood clotting tests. 


I should like to thank Dr R. G. Macfarlane, F.R.S. and Dr Rosemary Biggs for encourage- 
ment and advice throughout this work. I am also indebted to the volunteers for their 
co-operation in the experiments, and to the Medical Research Council for a Clinical Research. 
Fellowship. 
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FURTHER STUDIES ON PROTEINURIA IN THE 
NEW-BORN CALF 


By A. E. PIERCE ~~~ 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 7 N. ovember 1960) 


A few hours after the commencement of suckling the new-born calf 
acquires a passive immunity which is associated with the appearance of 
a well defined component in the serum, electrophoretically similar to that 
of the immune lactoglobulin in the colostrum (see Pierce, 1955). Other 
proteins, in addition to immune lactoglobulin, can be shown by electro- 
phoretic analysis in the first milkings post-partum, notably casein and 
B-lactoglobulin; and Deutsch & Smith (1957), Bangham, Ingram, Roy, 
Shillam & Terry (1958) and Pierce & Johnson (1960) have shown that the 
mucosa of the intestine is not so selective that -saoiadia in addition to the 
immune lactoglobulin may not be absorbed. 

In studies on the proteinuria of the new-born calf, first reported by 
Langstein & Neuberg (1907) and further studied by Smith & Little (1924) 
and Howe (1924), Pierce (1959) suggested that the low molecular weight 
proteins in the colostrum (Pedersen, 1936; Johnson & Pierce, 1959) were 
absorbed with the immune lactoglobulin and were subsequently cleared 
from the circulation by the kidney. The transient proteinuria apparently 
depended upon the permeability of the intestine rather than on any special 
characteristics of the kidney with regard to protein clearance. In further 
studies immunological, electrophoretic and ultracentrifugal evidence was 
‘obtained which identified most of the urinary protein with that in the 
colostrum, particularly the f-lactoglobulin, rather than with the pre- 
colostral serum protein (Pierce & Johnson, 1960; Pierce, 1960). The present 
experiments examine the permeability of the kidney of the new-born 
calf to proteins absorbed from the gut, with particular reference to their 
molecular weight. The f-lactoglobulins of colostrum, molecular weight 
35,400-40,000 (see McMeekin, 1954), have been replaced with gelatin, 
polydisperse, but with a molecular weight of the same order of magnitude 
(Scatchard, Oncley, Williams & Brown, 1944), and fed to new-born calves. 
By the use of this simplified system the permeability of the gut to a 
protein other than immune lactoglobulin has been confirmed and its 
significance in the aetiology of proteinuria examined. 
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METHODS 

Care and management of calves. The management of the calves (Shorthorn or J ersey) has 
already been described (Pierce, 1959). In experiments where calves were deprived of colo- 
strum, streptomycin was given as a prophylactic against intercurrent infection. 

Electrophoresis was carried out in a Perkin-Elmer apparatus (Tiselius, 1937), with phosphate 
buffer pH 8-0, ionic strength, J = 0-2. The procedure adopted for routine runs, and the 
method of analysis and of mobility measurement have already been described (Pierce, 1959). 

Protein fractionation. Albumin and fetuin. The method of preparation of these fractions 
has already been described (Pierce, 1959). 

Immune lactoglobulin and B-lactoglobulin. The casein was precipitated from bovine colo- 
strum at 37° C with rennin. The immune lactoglobulin or f-lactoglobulin component was 
recovered after electrophoretic separation of the whey proteins from the appropriate limb 
of the U tube with a fine Pasteur pipette. 

Urine proteins. Urine proteins were separated electrophoretically and the required 
components recovered from the U tube. 

Gelatin and y-globulin. A commercial gelatin product (Hopkins & Williams, London) 
was used for feeding experiments, and the same material after centrifugation, dialysis and 
sterilization was used for intravenous injection. The bovine y-globulin was supplied by 
Armour Laboratories, U.S.A. | 

Protein estimations. Protein concentrations were calculated from micro-Kjeldahl nitrogen 
determinations on duplicate samples using a protein:nitrogen ratio of 6-25. No allowance 
was made for non-protein nitrogen in serum or colostrum samples. Urine samples were 
extensively dialysed before analysis. 

Ulira-violet absorption. The ultra-violet absorption, H,,,, at 276 my for the various protein 
solutions, was determined in quartz cells by means of a Unicam spectrophotometer SP 500. 


RESULTS 
Calves fed on colostrum 


Five calves (E 17, P.1, R 50,8 3, S 8) fed on colostrum showed a rising 
rate of protein excretion from birth to 14-27 hr (phase a). The permeability 
of the intestinal mucosa to protein macromolecules was confirmed by the 
electrophoretic analysis of the serum, which showed a steadily increasing 
concentration of passively acquired immune lactoglobulin for all calves 
over this period. Intestinal permeability was assumed to be decreasing 
from the time when, although colostrum was still being fed, there was no 
further rise in the level of serum immune lactoglobulin. This latter 
period coincided with a rapid fall in the rate of protein excretion (phase b) 
to levels of less than 1-0 mg/min. 

The rate of protein excretion in the urine from calf R 50 shown in Fig. la 
is typical and was obtained by feeding 500 ml. of colostrum containing 
5-8 g total protein or 3-9 g whey protein/100 ml. every 3 hr over the whole 
experimental period from shortly after birth to 56 hr 48 min. 

The rapid rise in the serum level of immune lactoglobulin from 0-24 g 
at birth to 1-1 g/100 ml. at 30 hr 50 min is shown in Fig. 2a; the total 
serum protein increased from 4-5 to 4-7 g/100 ml. over the same period. 
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The electrophoretic pattern of the serum at 26 hr 30 min after birth shows 
the presence of a well-defined y-globulin component (Fig. 5/). 

The pattern of protein excretion rate for calf R 50 may be compared 
with that for calf S 19 (Fig. 16) which was given 500 ml. of 0:15 m-NaCl 
containing 5 g glucose/100 ml. every 4 hr from birth to 46 hr 15 min, and 
thereafter colostrum at the same rate for a further 8 hr. At no time did 


_ the excretion rate exceed 1 mg/min; this level and lower is also shown 


by normal calves fed with colostrum after the period of proteinuria and 
will be referred to as normal for the young calf. The electrophoretic analysis 
of the serum showed that no immune lactoglobulin had been absorbed 
9 hr 40 min after the beginning of colostrum feeding (Fig. 2). 


-Tasie 1. Data relating to injections given to calves P 13, E 19, E 20 (Shorthorns) 
and D 7 (Jersey) maintained on glucose-saline 


Calf Serum injected | 

Electrophoretic analysis 

Vol.* Period A 
| Injec- after Concen- Globulins 
Weight I.V. 8.c. tion birtht tration Albu- , 
Number (kg) | (ml.) (ml.) (no.) (hr) (g/100 ml.) min B y 
P 13 41-8 Pre- lo ' 25 8 2-0-35 5-2 51 35 11 3 
E 19 colostral 200 150 7 3-548 55 31 3 
E 20 ~ Post- tees 250 8 3-5-44 6-0 52 23 9 16 
D7 21-8 colostral | 785 0 5 6-0-37 10-2 31-28 11 30 
+ Time to nearest }hr. — Novalue. ‘* 1.v., intravenous; 8.C., subcutaneous. 


Calves injected intravenously with pre- or post-colostral calf serum 


An attempt was made to examine the permeability of the kidney in the 
new-born calf to rising concentrations of normal calf serum proteins. The 
protein excretion rates were determined for three new-born calves (P 13, 
E 19 and E 20) injected with large volumes of undiluted pre- or post- 
colostral serum derived from other new-born calves. The injected calves 


. were maintained on glucose-saline given in feeds of 500 or 1000 ml. 


_ Although the total volume of serum injected was large (for details see 
Table 1), the serum protein level in the recipient calves showed a decrease. 
Therefore the experiment failed, since the rise in total serum protein which 
occurred over the first 48 hr in those calves fed on colostrum could not be 
reproduced. In a further attempt to raise the plasma protein concentration 


a fourth calf, D7, was fed on glucose-saline and injected intravenously _ 


during the first 37 hr of life with 785 ml. of post-colostral calf serum which 
had been previously concentrated to 10-2°% protein (approximately x 2). 
The serum protein level again fell from 4-7 to 3-95 °% during the first 9 hr 
of life and only slowly regained the concentration at birth by the 42nd 
hour, rising further to 5-1 °/, by the 48th hour. The steady rise in y-globulin 
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derived from the injected post-colostral calf serum is shown at Fig. 2c. 
The rate of protein excretion for this calf, in common with P 13, E19 
and E 20, remained within the normal limits, not exceeding 1-0 mg/min 
(Fig. 1c). 
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Fig. 1. The urinary protein excretion rates from birth for calves fed on (a) colostrum, 
calf R 50; (6) saline, 8 19; (e) gelatin, R17; and injected intravenously with 
(c) post-colostral calf serum, D 7, and (d) gelatin, E 10, injection at each arrow. 
Note time unit, 100 min. 


Calves injected intravenously with gelatin 


The electrophoretic mobility together with the low U.V. absorption 
characteristic for gelatin have been used to identify this protein in the 
urine. The electrophoretic and ultracentrifuge patterns for the gelatin 
used for feeding and intravenous injection are shown in Fig. 3f, g. The 
gelatin migrated electrophoretically as a single component with a mobility 
~ 1:9 cm?/V.sec x 10-5, which is similar to immune lactoglobulin, and 
sedimented as a spreading peak indicating polydispersity. Taking the 
peak maximum as the position of the boundary, a sedimentation con- 
stant 88, ~ 1:44 S was obtained. Figure 4 shows the U.V. absorption at 

= 276 for gelatin, pre-colostral calf serum, serum albumin, fetuin and 
y-globulin, 8-lactoglobulin and immune lactoglobulin. The electrophoretic 
patterns of these proteins are shown in Fig. 3. 

The calculated regression lines for y-globulin and immune lactoglobulin 
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were almost identical and the difference was not significant. Those for 
serum albumin and f-lactoglobulin were identical. The U.V. absorption for 
fetuin was low compared with the other serum proteins, and fetuin and : 
albumin form the major components of pre-colostral serum, so that the : 
regression line for precolostral calf serum lies between that for albuminand _ 


fetuin. 
2-4 a 
S 2-0 — b A 
£5 a 4257 
4° 4 8 12 16 20 24 28 32 3% 
Time from birth (min x 100) Time from birth (min x 100) 
8 
16 “4 
fe 12 
gS 
. 4 8 12 16 2 24 29 32 
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= 2:4 24c 
~ a 
£2127. £2 1:2 
£3 0-8 22085 
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Fig. 2. The sequence of changes from birth in the electrophoretic components of 
sera for calves fed on (a) colostrum, calf R 50; (b) saline, 8 19; (e) gelatin, R 17; 
and injected intravenously with (c) post-colostral calf serum, D 7, and (d) gelatin, 


E10. In this and subsequent figures A = albumin, « = a-globulin, 8 = B-globulin, 
y = y-globulin. 


Calf E 10 was deprived of colostrum and fed on heat-sterilized milk at 
a constant rate (500 ml. every 4 hr) during the first 56 hr of life. At inter- 
vals of 10 hr (6x 100 min) 20 ml. of 0-15 mM-NaCl containing 3g gelatin 
was injected into the jugular vein. The bladder was emptied shortly 
before each injection. Figure 1d shows the rise in the protein excretion 
rate which followed each intravenous injection. The gelatin would migrate 
with the y-globulin component, but Fig. 2d shows only a very slight rise 
of doubtful significance over the period of the injections. The electropho- 
retic analysis of urine collected at 58 hr (0-2 g protein/100 ml.) showed that 
the component with the mobility of ee (1:9 cm?/V.sec x cattle con- 
tributed 82-5 % of the protein. 

Urine derived from calves during the sniaatit which followed intra- 
venous injection of gelatin gave U.V. absorption values lower than serum 
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protein of comparable concentration. For example, calf S 20 was fed on 
glucose-saline and showed a U.V. absorption for dialysed urine, collected 
115 min after the intravenous injection of 3g gelatin when 9-5 hr old, 
1-52 times lower than pre-colostral serum protein. The slow component 
fractionated by electrophoretic separation and with a mobility comparable 
to that of gelatin was 2-85 times lower than total serum protein or 4-06 


Immune 
Lactoglobulin lactoglobulin 


Gelatin 


117* 


69* 
| 


Fig. 3. The ascending electrophoretic pattern in phosphate buffer pH 8-0, J = 0-2 
for (a) serum y-globulin; (b) serum albumin; (c) colostral whey; (d) precolostral 
calf serum; (e) serum fetuin; (f) gelatin, and (g) ultracentrifuge pattern for 
gelatin in phosphate buffer pH 8-0, J = 0-2; * time in min at 59,780 rev/min. 
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times lower than immune lactoglobulin. The electrophoretic pattern for 
this urine is shown in Fig. 5b and may be compared with that for calf 
E 25 (Fig. 5a) which was fed on colostrum. Most of the urinary protein 


for EK 25 had a fast mobility while the injected calf had a major slow - 


component within the mobility range for gelatin. 


® ¥ 

1-4 | 

4-2 

& 
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0-2 0-3 0-4 0-5: 0-6 0:7 
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Fig. 4. The regression lines (Z; ., at 276 my) for X, immune lactoglobulin; D, y- 
globulin; ©, serum albumin; ©, £-lactoglobulin; 7, precolostral calf serum; 
A, fetuin and @, gelatin. . 


Calves fed on boiled milk and gelatin 


Gelatin, dissolved in boiled milk at a. concentration of 4-0 g/100 ml., 


was fed to a new-born calf R 17 at the rate of 500 ml. every 4 hr. A pro- 

teinuria developed showing a protein excretion rate divisible into two 
_ phases a and 6 and characteristic for calves fed on colostrum. The transi- 

tion from phase a to phase b was also within the period associated with 
the decrease in intestinal permeability (Fig. 1e). 
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The concentration of gelatin was within the normal range for immune 
luctoglobulin in colostrum and the amount fed over the first 48 hr (240 g) 
was greater than the immune lactoglobulin fed to R 50 which, over a 
comparable period, received only 167-1 g. However, the electrophoretic 

analysis of the serum from R 17 failed to reveal the passive absorption of 
any significant amount of protein with a mobility comparable with gelatin 
and this is in sharp contrast to calf R 50 which acquired a well-defined 
immune lactoglobulin component in the serum (Fig. 2a and e). Figure 5e 
and f shows the difference between the electrophoretic patterns for serum 
proteins from calf R 17, fed on gelatin and for calf R 50 fed on colostrum. 
In the former case there is no evidence of a passively acquired component 
with the mobility of gelatin, the pattern resembling that shown at Fig. 3d 
for pre-colostral serum, whereas calf R 50 has passively acquired a well- 
defined y-globulin component. 

A further experiment was carried out in which the boiled milk was 
replaced by 0-15 M-NaCl containing 4g gelatin and 5g glucose/100 ml. 

and fed to calf G 4 at the rate of 500 ml. every 4 hr. Proteinuria developed 
_ showing the characteristic pattern divisible into phases a and b. Again. 
it was difficult to show any well-defined gelatin component in the serum 
quantitatively comparable to immune lactoglobulin absorbed after feeding 
colostrum, but nevertheless a component with the mobility of gelatin formed 
well over 50% of the total urinary protein. Although the amount of 
gelatin fed was similar to that fed to calf R17, the excretion rate was 
lower and did not exceed 2:27 mg/min. The U.V. absorption for the slow 
component fractionated by electrophoretic separation from the urine of 
calf R 17 (fed on gelatin) was low, approximating that for gelatin, and at 
least 4:5 times lower than for a comparable concentration of immune 
lactoglobulin, which has a similar electrophoretic mobility, while those 
components with a faster mobility showed a U.V. absorption approxi- 
mating to that for pre-colostral sera. A typical electrophoretic pattern 
for the proteins in urine during proteinuria which had resulted from 
feeding gelatin is shown in Fig. 5c. Most of the protein had a low mobility 
and may be compared with that for gelatin in Fig. 5d. 

Urine samples from calves fed on gelatin were divided into two groups 
according to their protein nitrogen values, those exceeding 0-055 mg N/ml. 
and with a protein equivalent of 0-172 g/100 ml. dialysed urine are shown. 
in Fig. 6a and those below this value in Fig. 6b. The values in Fig. 6a lie | 
below those for serum protein and deviate towards those for gelatin as 
the nitrogen values rise, i.e. as the proteinuria becomes more marked, 
while the values in Fig. 6} lie around those for pre-colostral serum protein. 

Similar U.V. absorption studies on urine samples from two calves 
(S 3, 8 8) fed on colostrum are shown in Fig. 6c, where the protein 
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Fig. 5. The electrophoretic patterns in phosphate buffer pH 8-0, J = 0-2 for the 
urine proteins during proteinuria from calves (a) fed on colostrum, calf E 25; 
(6) fed on saline and injected intravenously with gelatin, 8 20 (3 g/20 ml. saline); 
(c) fed on gelatin in 0-15 m-NaCl, F 4; and (d) urine from F 4 to which gelatin has 
been added: also the electrophoretic patterns for serum proteins; (e) 27 hr 40 min 
after feeding on gelatin, R 17, and (f) 26 hr 30 min after feeding on colostrum, R 50. 
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equivalence per milligram nitrogen is 0-688 g/100 ml. dialysed urine. These 
values were generally higher than those for pre-colostral serum protein. 


The electrophoretic fractionation of the protein in a urine sample. from 
0°55 
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0°35 
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0-1 
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001 0:03 005 007 0-09 0-02 0-04 0-06 0-08 0-1 0120-14 0°16 
mg N/ml. urine (dil. 1/5) mg N/ml. urine (dil. 1/20) 
: Fig. 6. U.V. absorption EZ, ._ at 276 mp for urine protein from calves R 17 (4), 
F 4(m), and R 80 (@) fed on gelatin: (a) during proteinuria when values exceeded 
1-7 mg protein/ml. urine, and (b) when values were less than 1-7 mg protein/ml. 
urine; a, 6 urine diluted 1/5: and (c) for urine (diluted 1/20) from calves 8 3 (A), 
and § 8 (™) fed on colostrum during phases a and 6 of proteinuria (see p, 137). 
Inset on double scale. 
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a calf fed on colostrum showed that the major component with the mobility 
of B-lactoglobulin approximated to the U.V. absorption for albumin or 
B-lactoglobulin. The remaining slower components gave a higher value, 
between those for albumin and y-globulin, and may be contrasted with 
values obtained for components with similar mobilities but fractionated 
from urine of calves fed on gelatin. 


DISCUSSION 


The protein excretion rate (Up.V) is preferable to the clearance rate, 
U,.V/Sp, where Sp represents the serum protein concentration in mg/ml. 
(see Pierce, 1959), since S, does not represent the proteins which are 
eliminated in the urine (Pierce, 1960; Pierce & Johnson, 1960). However, 
the pattern of protein excretion in the urine of calves fed on colostrum 
during the first 50—56 hr of life (phases a and b) is similar to that for the 
clearance rate, since Sp shows only small changes with time provided that 
the amount of immune lactoglobulin absorbed is not excessive. 

The protein excretion rate could not be increased above the normal 
maximum for the young calf (1 mg/min) by the intravenous injection of 
large amounts of pre- or post-colostral serum. However, the serum protein 
level of the calf shortly after birth was not maintained nor induced to rise 
in a manner comparable with calves fed on colostrum. 

On the other hand calves injected intravenously with gelatin in relatively 
small amounts also showed a decrease in serum protein concentration but 
each injection, whether given during the period of gut permeability or not, 
produced a transient proteinuria. This contrasted with the proteinuria 
induced by feeding gelatin, which gave a pattern of protein excretion 
characteristic for colostrum-fed calves. When gelatin was fed continuously 
for approximately 56 hr the proteinuria persisted only during the period 
of intestinal permeability. Since there was no change throughout the 
56 hr period in the kidney permeability to intravenous gelatin, the 
termination of the proteinuria to gelatin and colostral proteins when given 
by mouth appeared to be related to a decreased intestinal permeability 
rather than to changes in renal permeability. 

Calf S$ 19 fed on glucose saline from birth to 46 hr 15 min and then on 
colostrum failed to develop proteinuria or to absorb immune lactoglobulin, 
thereby further emphasizing the significance of gut permeability in the 
aetiology of the proteinuria. | 
_ Although these experiments were not directed towards the question of 
the selectivity of gut absorption relative to different proteins, it is of 
interest that when 167 g of immune lactoglobulin was. present in the 
colostrum fed to.calf R 50, the serum component with comparable mobility 
increased from 263 mg/100 ml. 20 min after birth and before feeding to 
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913 mg/100 ml. when the calf was 46 hr 30 min of age, a rise of 247%. 
Since the gelatin and immune lactoglobulin have similar mobilities, one 
could be detected in the undegraded form in the serum as readily as the 
other. However, 2209 gelatin fed to calf R17 failed to produce any 


comparable rise over a similar period. The serum protein component with a 


comparable mobility increased only from 204 mg/100 ml. 1 hr after birth, to 
223 mg/100 ml. serum when the calf was 44 hr old, a rise of only 9%. 

No account can be taken of metabolic or extravascular loss, for which 
there could be differences between proteins. However, the protein excreted 
in the urine, which would be selective for gelatin on the basis of comparative 
molecular weight, could not account for the differences in the amounts of 
the two proteins in the circulation; R17 only lost 3-5 g. total urinary 
protein up to 44 hr of age, of which the electrophoretic analysis showed 
that other proteins made an appreciable contribution. 

Unless extravascular losses, excluding that into the urine, were sub- 
stantially different for gelatin than for immune lactoglobulin, these results 
suggest that the immune lactoglobulin (mol. wt. 180,000) was absorbed 
more readily than the low mol. wt. gelatin. Brambeli, Hemmings, Oakley 
& Porter (1960) have shown that although undegraded y-globulin was 
readily absorbed, after digestion with papain only one of the three de- 
gradation products each of approximately 1/3 the original mol. wt. 
possessed the ‘recognition unit’ by which the acceptability of the molecule 
from the maternal to the foetal circulation of the rabbit was determined. 
In a similar manner, this might offer the basis for a theory of selective 
transmission of protein across the intestinal mucosa. | 

The U.V. absorption of the urine proteins during the proteinuria induced 
by feeding colostrum contrasted with those fed gelatin. In the former case 
the values exceeded those for pre-colostral serum, while in calves fed on 
gelatin the values were lower than for pre-colostral serum and tended to 
deviate further towards the values for gelatin with rising protein con- 
centration, i.e. as the degree of proteinuria increased. In calves deprived 
of colostrum, when the excretion rate'returned to normal the values 
returned to those for pre-colostral serum proteins. Such an observation 
would be compatible with the presence of partially degraded, non-dialys- 
able products derived from the agammagiobulingcenie serum proteins of 
calves fed on gelatin. 

Earlier studies have shown that in some calves fed on colostrum, 
degraded immune lactoglobulin but with retained antibody activity could 
be recovered from the urine during proteinuria (Pierce, 1959; Pierce & 
Johnson, 1960). The presence of this degraded protein may have contri- 
buted to the raised U.V. absorption/mg N obtained with urinary protein 
from the calves fed on colostrum. 
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SUMMARY 

1. Colostrum, but not glucose-saline, when fed to new-born calves 
induced a proteinuria. Calculations based on protein excretion rate 
showed two phases: (a) rising values while the gut was permeable to 
undegraded protein, and (b) declining values after the period of gut 
permeability. 

2. A calf fed on glucose-saline for the first 46 hr of life and then on 
colostrum did not develop a proteinuria and the gut was not permeable 
to immune lactoglobulin. Feeding colostrum from birth to 55 hr did not 
prolong the normal period of proteinuria nor that of the gut permeability. 

3. New-born calves fed on sterilized milk or glucose-saline and injected 
intravenously with gelatin developed a transient proteinuria after injections 
given during and after the period of gut permeability. 

4. New-born calves fed on gelatin in glucose-saline developed a protein- 
uria showing a protein excretion rate characteristic for calves fed on 
colostrum ; gelatin frequently provided over 50% of the protein excreted. 

5. The results of the electrophoretic analysis of the serum proteins 
suggested that immune lactoglobulin in colostrum was more readily 
absorbed than gelatin. 3 

6. The proteinuria of the new-born suckling calf does not appear to be 
related to any special permeability of the kidney to protein, but to the 
permeability of the gut to undegraded proteins such as gelatin and the 
B-lactoglobulin component of colostrum, which have similar molecular 
weights ca. 40,000, and are below the threshold for glomerular filtration. 

The author wishes to thank Dr P. Johnson for carrying out the analytical ultracentrifugal 


analysis of the gelatin, Mr D. Hardman for technical assistance and Mr J. Clark for the care 
and handling of the calves. 7 
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THE MAXIMUM LENGTH FOR CONTRACTION 
IN VERTEBRATE STRIATED MUSCLE 


By A. F. HUXLEY* anp L. D. PEACHEY+ 
From the Physiological Laboratory, University of Cambridge 


(Received 14 November 1960) 


In their well-known experiments on isolated muscle fibres, Ramsey & 
Street (1940) showed that the rise of tension during an isometric tetanus 
decreases linearly as the length is increased beyond a certain value J, near 
to the resting length, reaching zero when the fibre is stretched to about 
twice this length. A. F. Huxley & Niedergerke (1954) pointed out that a 
simple explanation for this result was given by the sliding-filament theory 
of muscular contraction put forward by them and by H. E. Huxley (1953; 
H. E. Huxley & Hanson, 1954), if it is supposed that a relative force 
between filaments of the two sets is generated at each of a number of sites 
in the zone where the two sets of filaments overlap. If these sites are 
distributed evenly, the total tension generated should be proportional to 
the length of the overlap zone, which should decrease linearly as the sarco- 
mere length is increased from about 2-0 » (the length of the secondary 
filaments), reaching zero at a sarcomere length of about 3-5 uw (the sum of 
the lengths of the primary (about 1-5 ~) and of the secondary filaments). 

There were, however, several uncertainties about this explanation, as 

follows. 


(1) Ramsey & Street had not measured striation spacing in their fibres, so 
it was not clear exactly what the sarcomere length was when the developed 
tension just fell to zero. From their definition of |, it did nevertheless seem 
likely that the tension reached zero only if the fibre was stretched to a 
sarcomere length appreciably greater than 3-5 p. 


(2) Ramsey & Street had found that in these highly stretched fibres the 
tension during an isometric tetanus rose in two stages, the first with about 
the same speed as in less stretched fibres, the second being very much 
slower. The quick phase formed a progressively smaller proportion of the 
total tension rise as the fibre was stretched, and reached zero at a consider- 
ably lesser degree of stretch than the slow phase. It was not clear which of 
these end-points ought, to be used. 


* Present address: Department of Physiology, University College London. 
t Present address: Department of Zoology, Columbia University, New York 27, U.S.A. 
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(3) No accurate determination of filament lengths had been made, so it 
was not possible to say beyond what sarcomere length there was no over- 
lap between the two sets of filaments. 


The slow component in the rise of tension in stretched muscle was also 
observed by Hill (1953) in whole sartorius muscles of frogs and toads. He 
suggested that the explanation might be that those parts of the muscle 
which happened to be less extended than others would generate more 
tension, and would shorten, and stretch the more extended parts, so 
increasing any initial inequality in the degree of extension. The tension 
would rise slowly as this redistribution of length took place. Fischer 
(1926) showed that the passive extensibility of the sartorius muscle is less 
near its ends than in the middle, so that the redistribution of length in an 


isometric tetanus of a highly stretched muscle might take place by 


shortening of the ends, with corresponding elongation of the middle. 
Preliminary experiments showed that the slow phase of tension increase 

in isolated fibres during an isometric tetanus does arise in this way and 

that isometric recording did not give a sharp end-point. We therefore 


‘measured the maximum sarcomere length at which contraction occurs, by 


mounting a fibre isotonically and detecting shortening by microscopic 
observation of the striation spacing in its middle part. In these experi- 
ments the ends of the fibre were able to shorten without raising the tension 
in the middle of the fibre, and we were thus able to distinguish between 
shortening of the ends of the fibre and that of the middle. The filament 
lengths in the muscle used were determined in two ways by electron 
microscopy. | | 

The results (excluding the measurements by electron microscopy) have 
already been reported briefly (Huxley & Peachey, 1959). © 


METHODS 
Dissection 
Twitch fibres were isolated from the dorsal head of the semitendinosus muscle (and in a 
few cases from the iliofibularis muscle) of the frog Rana temporaria. The muscle was initially 
divided with fine scissors, and the fibres subsequently separated by cutting with a knife the 
collagen fibrils which unite them. The muscles were immersed during the dissection in 
Ringer’s solution with the addition of tubocurarine (10-° g/ml.) at room temperature. 


Solutions 

The Ringer’s solution used both in the dissection and for the experiments themselves had 

the following composition (mm): NaCl, 115; KCl, 2-5; CaCl,, 1-8; Na,HPO,, 2:15; NaH,PO,, 
0-85 (pH 7-2). 

Stimulation and recording 

The fibre was immersed in Ringer’s solution in a channel 3mm broad and 3 mm deep. 

In the isotonic experiments a piece of glass rod 1-5 mm diameter was laid across the bottom 

of this channel, and the fibre was so placed that it rested lightly on the surface of this rod 
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at a point which did not move appreciably on stimulation. The stimulating electrodes were 
Pt wires which ran across the bottom of the channel, 4 or 6 mm apart, one each side of the 
glass rod. Since the fibres were 10—20 mm long, the stimulating electrodes were well within 


the length of the fibres. For tetanic stimulation alternating condenser discharges of about 


1-7 msec time constant at either 40 or 50/sec were employed. _ | 

An RCA 5734 electromechanical transducer valve was used for isometric recording; it was 
mounted on a screw-driven slide with a vernier scale for adjusting the length of the fibre. 

An isotonic device was constructed from the balance wheels of two watches, with their 
jewelled bearings. Their movements were linked by a thread, as shown in Text-fig. 1, so 
that a point near the middle of the fibre would remain stationary during shortening of the 
fibre. The over-all shortening was not recorded, but changes of striation spacing in the part 
of the fibre which lay on the glass rod were recorded by cine micrography. 

All experiments were carried out at room temperature (17—20° C approx.). 
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Text-fig. 1. Diagram of isotonic lever system. The fibre A is held between two 
levers of stainless-steel wire attached to the cut-down balance wheels B and C of 
two watch movements. These are linked by a thread D which ensures that they 
turn in opposite directions, so that some point, within the length of the fibré stays 
stationary during shortening. The ratio of the amounts of movement permitted 
at the two ends can be altered by hooking D on to different notches on C. Tension 
is applied through the thread EZ from a piece of watch mainspring F, and is ad- 
justed by moving the fixed end of the spring by the knob G. The levers lie in an 
oblique plane so that the microscope objective (not shown) can come down verti- 
cally above the fibre. H, J, stimulating electrodes; J, glass rod supporting the 
fibre. 


Microscopy 

The trough was mounted on the mechanical stage of a microscope so that any point on the 
fibre could be brought into the field. The fibre was observed by direct microscopy, using & 
' Zeiss D* water-immersion objective, focal length 4-4 mm, n.a. 0-75, which dipped directly 
into the Ringer’s solution. The metal surrounding the front lens was coated before each 
experiment with ‘paraffin and rubber lubricant’ (British Drug Houses Ltd.) to prevent 
metallic ions from entering the solution and damaging the fibre. The n.a. of the illuminating 
cone was about 0-25. Still photographs were taken with a 35 mm reflex camera, using Ilford 
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Pan F film and an over-all magnification of 138 x or 360x. Cine photographs were taken, 
generally at 55 frames/sec, on Ilford 16mm FP3 film, with an over-all magnification of 
63 x. A low-voltage tungsten lamp was used, with a green filter. 


Determination of filament lengths — 

Bundles of 30—50 fibres were dissected from semitendinosus muscles of frogs, with the 
same procedure as in the early stages of preparing a single fibre (the procedure eliminates the 
region of the nerve entry, where slow fibres are found). 

Sections. Four bundles were used; they were stretched to give striation spacings of 
3-0-3-8 in the middle parts of the fibres. The length of each bundle was measured between 
two threads tied around the tendons as near as possible to the ends of the muscle fibres. 
The bundles were fixed while held at these lengths in the trough by running in a fixative 
with the following composition: 1% OsO,, 2% sucrose, 0-01m-CaCl, buffered to pH 7-4 
with 0-035m sodium acetate and 0-:035m sodium veronal. After 40 min fixation at room 
temperature, the ends of the bundles were detached and their lengths measured again. The 
bundles were then dehydrated through a series of ethanol-water mixtures and lengths were 
measured again in absolute ethanol. Each bundle was cut transversely into four pieces and 
the length of each piece measured, still in absolute ethanol. These pieces were then divided 
into two groups, the two proximal pieces of each bundle for methacrylate embedding and the 
two distal pieces for embedding in Vestopal-W (Ryter & Kellenberger, 1958). All pieces 
were stained overnight in 1 % phosphotungstic acid in ethanol and then transferred through 
the various solutions for impregnation with the respectivé embedding media. The length of 
each piece was measured in its final liquid embedding medium and again after the blocks had 

been hardened for approximately 15 hr in a 60° C oven. 
__ One shrinkage factor was determined from the above measurements for each bundle from 

fixation to absolute ethanol, and another for each piece from absolute ethanol to the final 
embedded block. These two factors were combined to give an over-all shrinkage factor for 
each piece. 

Longitudinal sections were cut on either a Porter-Blum or an A. F. Huxley (1957a) 
microtome, with the long axis of the fibres perpendicular to the direction of movement in 
order to avoid alteration of filament lengths from compression of the sections. The sections 
were mounted on grids covered with carbon films, and low power electron micrographs 
were taken in either a Siemens Elmiskop I or an RCA EMU-2B electron microscope. The 
magnification of each electron micrograph was determined accurately by photographing 
the same area of the grid under the light microscope and measuring the distance between 
features that could be identified in both images. Measurements for magnification determi- 
nation and measurements of filament length in the electron micrographs were made on the 
negatives with a travelling microscope. | 

Fibrils. Each bundle was stretched to give a striation spacing of 2-7—2-8 y, flooded with 
formol-caleium (1 vol. formalin, 1 vol. 10 % CaCl,, 8 vol. water) and left several hours in the 
fixative. It was then cut up into small pieces, suspended in 50 ml. water and treated for 
1 min in a homogenizer (Measuring and Scientific Instruments Ltd.). The suspension was 
centrifuged (1600 g) for 1 min, the supernatant discarded, the precipitate resuspended in 
50 ml. water and treated in the homogenizer for three further periods of 10 min each, with 
cooling in between. It was centrifuged again to remove large pieces, the supernatant trans-- 
ferred to fresh tubes and centrifuged for 1 hr. The sediment was resuspended in a total 
volume of 1 ml. A drop of this suspension was placed on an electron microscope specimen 
grid with a formvar film on the underside of which a layer of carbon had been deposited. 
Thin fibrils were selected under the eleétron microscope (Siemens Elmiskop I) and micro- 
graphs were made at a magnification of about 2000. The exact magnification was deter- 
mined in the same way as with the sections. Measurements were made on the negatives with 
& travelling microscope. 
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RESULTS 
Experiments on living muscle 


Non-uniformity of striation spacing in stretched fibres. The striation 
spacing was measured by photography with the 35 mm camera, at a series 
of positions along two isolated muscle fibres. In each case it was found that 
the spacing near the ends of the fibre was substantially smaller than in the 


middle; this is illustrated by the micrographs reproduced in PI. 1, figs. 1 


and 2. The variation of striation spacing along the fibres at several degrees 
of stretch is shown graphically in Text-fig. 2. It is seen that the spacing 
varies little except within about a millimetre of each end of the fibre, 
where it drops sharply. Isolated measurements made visually with a 
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Text-fig. 2. Variation of striation spacing along isolated muscle fibres at rest. 
A, fibre from semitendinosus muscle (15. xi. 58); B, fibre from iliofibularis muscle 
(8. xi. 58). Abscissa: distance from centre of fibre; ordinate: striation spacing, 
measured on photomicrographs. The various curves for each fibre were obtained 
at different degrees of elongation. Each point gives the mean value of the striation 
spacing found by measuring several (usually three or four) rows of 15-30 striations 
at different parts of the same negative, except in a few cases near the ends of the 
fibres where the striations were partly obscured by overlying fibrous tissue, and 
could only be measured in one or two small fields. 
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micrometer eyepiece showed a similar drop at the ends of several other 
fibres, all of which were considerably stretched. In no case was the drop 
absent. 

Electron micrographs of sections taken near to one end of an isolated 
fibre are reproduced in PI. 3, figs. 1 and 2. The sarcomere lengths are 2-7 
and 3-1 » and the two sets of filaments overlap considerably, although in 
the middle part of the same fibre the sarcomere length was about 3-8 p. 


At the extreme left-hand end of Text-fig. 2A three of the graphs drop to spacings below 
2 » while the other two only reach down to about 3-0 y. All these measurements were made 
at the extreme end of the fibre, so that the difference cannot be due to observing slightly 
different parts of the fibre. In the cases where the spacing is short, the striations are very 
irregular, and the fibre had been stimulated tetanically just before it was photographed. It 
is thus probable that this end of the fibre had entered the ‘delta state’ (Rarnsey & Street, 
1940), and had not yet stretched out when these micrographs were taken. 


A single complete toe muscle (extensor longus digiti IV) was also ex- 
amined visually; the striation spacing was 2-6 y at the ends of the fibres 
when it was 3-6 » near the middle of the muscle. _ 

Isometric contractions. A series of records of tension during isometric 
tetani at varying degrees of stretch is shown in Text-fig. 3. Over the range 
investigated, the rise of tension during the tetanus becomes smaller as the 
striation spacing is increased, but has not reached zero even when the 
striation spacing, measured in the middle of the fibre, is 4 yp. 

At this sarcomere length one would expect that the two sets of filaments 
would no longer overlap, suggesting at first sight that overlap is not 
necessary for the development of tension. An alternative explanation is, 
however, provided by the observation described in the preceding section, 
since the uppermost curves in Text-fig. 2A and 2B show that even when 
the striation spacing over the main part of a fibre is 4 », at the ends it 
may be well under 3-5 », roughly the maximum value at which overlap 
could be expected. The tension rise may therefore be due to shortening of 
the ends of the fibre without any active contribution from those parts 
where the spacing exceeds 3-5 1, as was suggested in the introduction. 
This explanation is further suggested by the time course of the tension 
rise. In agreement with the observations of Ramsey & Street (1940) and 
Hill (1953), this contains a slow component which becomes progressively 
more conspicuous as the fibre is stretched to greater lengths. As Hill 


- pointed out, this is what would be expected if one part of the fibre were 


shortening at the expense of other parts. : 

It was found by microscopic observation of the ends of the fibre that 
such a shortening does take place. Plate 1, figs. 3. and 4, show micrographs 
of the end of a fibre stretched so that the striation spacing in the middle 
was 3-9-4-2 uw, taken before (fig. 3)-and during (fig. 4) tetanic stimulation. 
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A high degree of shortening is seen although the fibre is held at both ends 
so that its total length remained constant to within a few microns. Both 
ends were found to shorten in this way, so that the middle part of the fibre 
must have been stretched. Cine-micrographs of the middle of the fibre 
showed little change apart from slight longitudinal movement; the in- 
crease of sarcomere length expected is rather small, as only a small fraction 


L=18-4mm 


s = 3-25 —3-4y 

s=2-6—2-754 
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Text-fig. 3. Records of tension during isometric tetani at three lengths. Semi- 
tendinosus fibre; same experiment as Text-fig. 2A; top record corresponds to 
points +, and middle record to points ©, in that diagram. The values for the 
sarcomere length s refer to the main part of the length of the fibre, the value 
being substantially lower at the ends. The scale for tension per unit area is calcu- 
lated from the cross-section at a striation spacing of 2-5 y. 


of the fibre length at each end shortens. The fact that only the ends 
shortened cannot be attributed to a failure of propagation, since the two 
stimulating electrodes were fairly close together near the middle of the 


fibre, and the action potentials must have propagated over a distance of 


several millimetres in order to reach the ends. 

Text-figure 4, lower curve, shows the time course of the shortening, 
found by measurement of the cine-micrographs. It is seen to agree fairly 
well with the time course of the tension rise, which is plotted in the upper 
curve. 
If the slow component is attributed on this evidence to shortening at the 
ends, the fast component should be due to active tension developed along 
the whole length of the fibre, and should disappear if the sarcomere length 
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in the main part of the fibre reaches a value at which no tension is 
developed. Text-figure 3 shows that the fast component is not recognizable 
when the sarcomere length in the middle is above about 3-6 py, but its 
disappearance is not sharp enough to allow a precise determination of the 
limit to be made. In the same way the isometric twitch became very small 
when the main part of the fibre was stretched to a sarcomere length above 
about 3:8 u, but again a sharp end-point was not found, presumably 
because of shortening at the ends. 
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Text-fig. 4. Time course of shortening near one end (lower curve) and tension rise 
(upper curve), recorded during isometric tetani. Same fibre as Text-figs. 2.4 and 3; 
successive tetani at length corresponding to points marked A in Text-fig. 2A._ 
Shortening obtained from measurements on cine film. 


Experiments on toe muscles. Two attempts were made to observe this 
shortening near the ends in a whole muscle stimulated at great length. 
The extensor longus digiti IV of the frog was used. Both experiments 
failed because the muscles broke. In one case this occurred when the 
striation spacing in the middle was about 3-3 ,; in the other it had reached 
3°6 4, but the muscle broke before a record could be obtained. 

Isotonic experiments. To obtain a result unaffected by shortening at the 
ends, fibres were held under constant tension in the apparatus shown in 
Text-fig. 1 and shortening of the middle part of the fibre was recorded by 
cine-micrography. Changes in total length were not recorded and shor- 
tening of the ends was immaterial, since the isotonic lever prevented 
length changes from altering the tension to which the middle part of the 
fibre was subjected. 

Three types of result were observed: (1) no change apart from slight 
longitudinal movement, (2) vigorous shortening, (3) slow, delayed, ir- 
regular shortening, occurring only in patches within the field of view. 
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These are illustrated in Pl. 2, and the conditions under which they were 
observed in the various experiments are shown in Text-fig. 5. It will be 
seen that vigorous shortening was always obtained if the striation spacing 
before stimulation was 3-5 » or less, and that at 3-54 » or more no shor- 
tening occurred apart from the delayed, patchy shortening which was seen 
in a few‘cases, chiefly in fibres which had already been stimulated at a 
length where vigorous shortening just occurred. In run 1 of the experiment 
of 3. xii. 58, where the initial value of the striation spacing was 3-54 y, the 
spacing did not begin to fall until more than 0-2 sec after stimulation was 
begun. 


21. xi. 58 
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Text-fig. 5. Results of tetanic stimulation of fibres held isotonically. @, vigorous 
shortening; O, no shortening; @, delayed, patchy shortening. Abscissa: striation 
spacing immediately before stimulation, measured on the cine film. Five experi- 
ments, all on fibres from the semitendinosus muscle. The numbers indicate the order 
in which the tetani at different initial lengths were carried out. 


In a single experiment a different method of recording was used. The — 


fibre was held by the same isotonic lever system, but its whole length was 
photographed with the cine camera (55 frames/sec; over-all magnification 
0-5 x). Short pieces of thread were placed on the fibre to act as markers. 
The striation spacing near the middle of the fibre was measured with the 
water-immersion objective and a micrometer eyepiece. The fibre was first 
stimulated (40/sec) at a striation spacing of 3-6 1; both ends of the fibre 
shortened but at least the middle 60°, was unchanged. The tension was 
then reduced, giving a spacing of 3-4 .; the whole of the fibre now shortened 
on stimulation, the middle part decreasing to a little below half its un- 
stimulated length. The length changes of the various segments of the fibre 
in the two cases are plotted in Text-fig. 6. 

Conclusions from experiments on living fibres. It seems fair to conclude 
from these experiments that no contraction occurred in parts of fibres 
where the striation spacing exceeded a critical value which we estimated at 
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3-52 w (limits of error 3-50-3-54 1). The irregular shortening sometimes 
seen when the measured spacing was slightly above this value may reason- 
ably be attributed to contraction which began in small areas where the 
spacing was below the critical figure, and spread slowly as laterally adjacent 
areas became passively shortened. This process would greatly exaggerate 
any pre-existing differences of spacing; the resulting irregularities were 
clearly visible on relaxation and did not disappear at once, which would 
explain the fact that this type of response was seen more frequently in 


15 A B 
v 
0 0-5 sec 0 0-5 sec 


Text-fig. 6. Shortening of different segments of a fibre during isotonic tetani. 
Fibre from iliofibularis muscle. Initial striation spacing near middle of fibre was 
36 » in A, 3-4» in B. Top and bottom lines represent the ends of the fibre; 
intermediate lines show positions of pieces of thread adhering to the fibre. Measure- 
ments made on selected frames of the low-magnification cine film, taken at 
55 frames/sec. 


fibres which had already. been stimulated at lengths close to the critical — 
value. The only experiment where this type of behaviour was seen at 
spacings more than 3% above our estimate of the critical value was that 
of 3. xii. 58; in and after run 3 of that date the cine film shows differences 
of spacing of that order before stimulation even within its rather limited 
field of view. | : 


Mcasurement of filament lengths by electron microscopy 
Method of measurement. The method of measurement of filament lengths 
was in accordance with the arrangement of primary and secondary fila- 
ments demonstrated by H. E. Huxley (1957). The length of the A band was 
taken, in each ease, as the length of the primary filaments. In cases where 
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the sarcomere length was such that the two sets of filaments overlapped 
(Pl. 3, figs. 1, 2 and 4), the length of the secondary filaments was taken as 


_ the length of the I band plus the sum of the lengths of the adjacent dark | 


overlap zones of the two neighbouring A bands (Text-fig. 7, upper 
diagram). 

In cases where the sarcomeres were stretched so far that there was no 
overlap and the two sets of filaments were ‘out of mesh’ (PI. 3, fig. 3), the 
A bands contain no outer dark zone, but the I bands contain an outer pale 
zone. This region was taken to be a gap between the two sets of filaments 
and the length of the secondary filaments was taken as the length of the 
darker portion of the I band (Text-fig. 7, lower diagram). 


Text-fig. 7. Diagrams showing the dimensions taken as representing the lengths 
of the primary and secondary filaments. See text. 


_ Embedded material. A sample field from one of the embedded prepara- | 


tions used for filament length determination is illustrated in Pl. 3, fig. 3. 
The measurements of filament lengths are summarized in Table 1. The 
final mean value for the sum of the lengths of the primary and secondary 
filaments is 3-52 1, which is the same as the value found in our isotonic 
experiments for the maximum sarcomere length at which contraction 
occurs. 


The final values in Table 1 have been corrected by shrinkage factors determined for each 
embedding medium as described under Methods; the distribution of the shrinkage between 
the various stages of the embedding procedures is given in Table 2. These factors are for 
shrinkage from the fixed bundle after release of tension to the final embedded pieces. 
Shortening during fixation and on release of tension has been neglected; it was small (0, 0, 
and 1-6%) except in the case of one bundle which appeared to lose 10-8 % of its length in 
_ this step. Since this bundle closely paralleled the others in all subsequent stages arid gave 
final results in good agreement with the ee, t it seems likely that the original measurement 
of length was incorrect in this one case. 

These shrinkage factors have been applied to the sum of the measured lengths of the two 
kinds of filaments, a procedure which is precisely valid only if both filaments shrink by the 
same percentage of their lengths. It is not obviously true that this is the case; indeed it 
seems quite possible that A and I bands might shrink by different amounts, and for this 
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reason the correction for shrinkage has not been applied to the two types of filament 
separately. However, on any reasonable assumption about the mode of shrinkage, there is 
no error in the corrected value of the sum of the filament lengths if the sarcomere length is 
such that the two sets of filaments just do not overlap, and the error will be of opposite 
sign according as the sarcomere length is greater or less than this value. In our material the 
average sarcomere length was close to this value, so that the error of the final mean should 
be small. As an example, we recalculated the data on the assumption that all the shrinkage 
took place in the I bands, the A bands including the overlap zones remaining constant. The 
resulting value for the sum of the filament lengths for the methacrylate specimens was 
increased by 0-017 » from that obtained by the procedure used in Table 1; that for the 
Vestopal-W specimens was decreased by 0-021 »; and there was no change in the second 
decimal place for the mean of the two values. It does not seem likely that non-uniformity 
of shrinkage could introduce an error of more than a few hundredths of a micron. 


TaBLE 1. Measurements of filament lengths in sections from embedded preparations. Values 
in microns, without correction for shrinkage except in the last row. Each value for a filament 
length is the mean of five measurements on the negative. All calculations carried to at least 
one extra decimal place before rounding. 

The striation spacings measured on the four bundles before fixation were 3-8, 3-5, 3-0 and 


3-7 » respectively 


Methacrylate Vestopal-W 
Bundle no, ... 2 3 4 means l eS 3 4 means 
Striation spacingin 3:18 3-09 2-41 3:71 — 348 257 277. 314 — 
area measured 
Filaments lengths 
Primary 1:45 1-48 1-40 1-46 0-O015* 1-48 1-44 1:42 1-49 0-025* 
Secondary 1-73 1-73 1°73 1-72 0-023*- 1-70 1-72 1-70 1-70 0-017* 
Sum 3:19 3-21 3-138 3-18 0-028t 3-17 3:16 3-12 3-20 0-031T 
Mean of sums 3-176 0-016t 3-160 0-016f 
Mean over-all shrink- 9-05 — 10-78 
age (%) 
Sum of filament 3-492 0-017 3°542 0-018 
lengths, corrected 
for shrinkage 


* Standard error of mean from any one bundle, estimated from the combined variance _ 
between individual measurements on each bundle. 

+ Square root of sum of squares of values for primary and secondary filaments. 

t Standard error of combined mean estimated from the differences between the ‘sum’ 
values for the four bundles. | 


TasBe 2. Longitudinal shrinkage (%) at various stages of embedding in methacrylate and 
in Vestopal-W. Each value is the mean of the shortening during the corresponding stage 
expressed as a percentage of the length of the material lying free in the fixative. The figures 
in brackets give the number of measurements on which the values are based 


Stage Longitudinal shrinkage 
From To | Methacrylate Vestopal-W 
Free in fixative. Ethanol 5-91 (4) 
Ethanol Embedding liquid - 1-55 (7) 4-12 (8) 
Embedding liquid Block 1-59 (7) 0-75 (8) 
Combined 9-05 10:78 
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There is no significant correlation between sarcomere length and the 
small variations in the measured filament lengths. This is illustrated both 
by the values in Table 1 and by the micrographs reproduced in PI. 3. 

Separated fibrils. Plate 3, fig. 4, showsan electron micrograph ofa separated 
fibril, typical of the ones on which measurements were made. Fibrils 
were selected in the field of view solely on the criteria of having a straight 
stretch several sarcomeres long and of being thin enough for the band 
pattern to be well seen. Two preparations gave the following values for the 


filament lengths (in microns): primary filaments, 1:516+0-010 (s.z. of | 


mean from 7 fibrils) and 1-492+ 0-011 (8); secondary filaments, 1-918 + 
0-009 (7) and 1-923 + 0-020 (8). The pairs of results do not differ significantly 
from one another, and the combined value for the sum of the lengths of 
the two filaments is 3-425+ 0-013 p. 

These preparations were in distilled water for about 4 hr, from the time 
when the disintegration was begun till the droplet was dried down on the 


grid. Two other preparations in which the fibril suspension in water was 


kept in one case for 2 and in the other for 3 days before making the grids 
gave lower values for both sets of filaments (means 1-477 yu for primary and 


1-858 y for secondary filaments, sum 3-335 ). Presumably shrinkage had 


occurred, and these values are therefore discarded. This result does suggest 
the possibility that even the value obtained from the fibrils which had not 
spent a long period in water is slightly low on account of shrinkage. 

As in the embedded preparations, there was no correlation between 
sarcomere length and filament lengths. However, only a rather narrow 
range was covered, most of the sarcomere lengths falling between 2:5 
and p. 


DISCUSSION 


The electron microscope observations provide further evidence that 
passive length changes take place by a sliding motion of one set of fila- 
ments relative to the other, the changes in filament length being within 
experimental error and in any case not more than a small percentage of the 
changes in sarcomere length. Since most of our measurements on sections 
were made at striation spacings near the point where overlap ceases, any 
small change of filament length with stretch will alter only slightly our 
estimate of the critical length. Allowance for the amount of change 
apparently present would raise our estimate from 3-52 to 3:54 yu. The 
measurements on separated fibrils are less reliable since there is a sugges- 
tion that some shrinkage had occurred and there was no means of allowing 
for it; nevertheless, the value obtained for the sum of the filament lengths, 
' 3-43 p, is only 3% below that derived from the sections, and this is prob- 
ably as good an agreement as could be expected. 
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The experiments on living isolated fibres were carried out on the same 
type of muscle (twitch fibres of m. semitendinosus of the frog) as was used 
in the electron-microscope work, and showed that contraction does not 
occur when the sarcomere length exceeds 3-52 ». The agreement between 
this figure and the electron-microscope value for the point where the fila- 
ments cease to overlap suggests strongly that contraction can occur only 
if there is an overlap between the two sets of filaments. This is probably the 
first actual evidence that contraction depends on an interaction between 
the filaments in the region where they overlap, as postulated in all forms of 
the sliding-filament theory. It does not, however, throw any light on the 
nature of this interaction, or help to eliminate any of the particular systems 
that have been proposed (A. F. Huxley, 1957b; Weber, 1958; Podolsky, 
1959; Spencer & Worthington, 1960). 

The observation that during tetanic stimulation a high degree of 
shortening can occur at the ends of a fibre whose total length is held 
constant is an example of the instability which, as Hill (1953) pointed 
out, results from the negative slope of the isometric length—tension 
diagram of highly stretched muscle. The delayed, irregular shortening 
that was sometimes seen in fibres stretched to a point where normal con- — 
traction had disappeared is probably another way in which this instability 
can show up. These observations emphasize the need, in experiments on 
stretched muscle, for checking with the microscope whether contraction 
is taking place uniformly along the length of the muscle. 


SUMMARY 


1. In isolated striated muscle fibres of the frog under stretch the stria- 
tion spacing was found to be substantially lower near the ends than in the 
main part of their length. 

2. The slow tension rise during ari isometric tetanus of greatly stretched 
fibres was found to be due to shortening of the ends. 

3. In isotonic tetani it was found by cine-micrography that no shortening 
occurs at points where the striation spacing exceeds a critical value which 
is close to 3-5 p. 

4. The filament lengths in the same muscle were determined by electron 
microscopy both on sections and on separated myofibrils. It was found 
that the two sets of filaments do not overlap if the sarcomere length 
exceeds 3:5 

5. Contraction thus ceases to occur if a fibre is stretched to such an 
extent that there is no overlap between the two sets of filaments. This is 
taken as evidence that contraction depends on an interaction between 


filaments of the two types in the regions where they overlap, as postulated 
11-2 
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in the various theories of contraction based on the idea that length changes 
take place by a relative sliding motion of the filaments. 


These experiments were carried out while one of us (L.D.P.) was a Graduate Fellow of 
The Rockefeller Institute. We also wish to thank the Wellcome Trust who provided one of 
the electron microscopes used in this work. 
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EXPLANATION OF PLATES 
PLATE 1 


Figs. 1 and 2: still micrographs showing the difference in striation spacing between the end 
of a fibre (fig. 1) and a point close to the centre of the same fibre (fig. 2), the over-all length 
- of the fibre being the same in both cases. Striation spacing 2-83 yp in fig. 1; 3-42 yp in fig. 2. 
Fibre from semitendinosus muscle; prints from same series of exposures as lowest points in 
Text-fig. 2A. Stage micrometer: 10 » divisions. 


Figs. 3 and 4. Shortening at end of a fibre during repetitive stimulation at fixed over-all 
length. Figure 3 before, fig. 4 about 1 sec after, beginning of stimulation. Sarcomere length 
in fig. 3, 3-1 4; sarcomere length in middle region of the fibre was 4-0—4-2 p. Same fibre as 
in figs. 1 and 2, but opposite end. Stage micrometer: 10 y» divisions. 


PLATE 2 


Fibres held under constant tension during tetanic stimulation. Selected frames from cine 
records, showing the three types of response obtained. In each column the top print is from 
the last frame before movement due to stimulation can be detected on the film. 
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Figs. 1-3. Run 1 of 4, xii. 58. No shortening at initial striation spacing of 3-61 y. Figure 1, 
immediately before stimulation ; fig. 2, 1-0 sec later; fig. 3, 2-2 sec after “S 1. No detectable 
change in striation spacing. 
Figs. 4-6. Run 1 of 2. xii. 58. Rapid shortening at initial striation spacing of 3-51 p. . 
Figure 4, immediately before stimulation; fig. 5, 0-13 sec later, striation spacing 3-28 p; 
fig. 6, 0-24 sec after fig. 4, striation spacing 2-80 y. 
Figs. 7-9. Run 2 of 3. xii. 58. Delayed, irregular shortening at initial striation spacing 
of 3-61 ». Figure 7, immediately before stimulation; fig. 8, 1-0 sec later; fig. 9, 2-2 sec after 
fig. 7. Shortening barely detectable in fig. 8 or in lower left-hand part of fig. 9, but upper 
right-hand part of fig. 9 shows irregular contraction. 

Stage micrometer (10 » divisions) at same magnification as figs. 1-3 and 7-9; figs. 4-6 
are at 1-5 % lower magnification. 


PLATE 3 


Figs. 1-3. Electron eoinevareaien of longitudinal sections of fast striated aiid fibres from 
the semitendinosus of Rana temporaria cut with the long axis of the fibres parallel to the 
knife edge. Section thickness, 60-80 my. Scale bars, 1 micron. 


Fig. 1. Section about 40 » from the end of the isolated fibre used in the experiment of 
3. xii. 58, showing a sarcomere length of 2-7 » and an overlap of about 0-5 yw (corrected 
values) even though the centre of the fibre was stretched to a sarcomere length of about 
3-8 uw. Fibre fixed and embedded in methacrylate as described in the text, except that 
fixation was for only 15 min. Magnification, x 28000. 


Fig. 2. Section about 400 p» from the end of the same fibre as in fig. 1, showing somewhat 
less overlap (about 0-2 and a sarcomere length of 3-1 (corrected values). 
x 28000. 


Fig. 3. Section from a bundle of fibres embedded in Vestopal-W showing a sarcomere 
stretched to a length (3-7 y, corrected value) slightly greater than the critical length, with 
the primary and secondary filaments ‘out of mesh’. The suggestion of fine filaments con- 
necting the ends of the two major sets of filaments may be a result of superposition in the 
section or may represent an additional component of the myofibril. Magnification, x 28000. 


Fig. 4. Electron micrograph of a separated myofibril representative of those on which 
measurements of filament lengths were made. Magnification, x 11000. 
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DARK-ADAPTATION AND THE REGENERATION 
OF RHODOPSIN 


By W. A. H. RUSHTON* 


From the Ophthalmology Branch, National Institutes of Health, 
Bethesda, Md., U.S.A. 


(Received 28 November 1960) 


Ever since Kohlrausch (1922) measured dark-adaptation by plotting the 
logarithm of the threshold against the time in the dark, it has been clear 
that the recovery of visual sensitivity occurs in two stages. For, in general, 
the curve plotted exhibits two quasi-independent branches which meet at 
a pretty sharp kink. As Kohlrausch demonstrated, the early and faster 
process is associated with day vision: the later process with night vision. 
An enormous amount of subsequent work has substantiated this interpre- 
tation, but we are on much less secure grounds if we conclude (as is often 
done) that the first branch is concerned with cones only, the second with 
rods only and that there is no rod—cone interaction. 

The ‘cone branch’ is obtainable from the rod-free ee it has the 
spectral sensitivity of daylight vision, monochromatic test flashes are 
usually seen as coloured, acuity is good, and a large Stiles—Crawford effect 
is found. This is strong evidence that cones are involved, but weak evi- 
dence that rods are not involved. To be sure, they are not involved at the 
central fovea, but the cone branch there is not quite the same shape as that 


found at the parafovea, where rods are anatomically present (Hecht, - 


Haig & Wald, 1935; Sloan, 1950). 

The ‘rod branch’ is obtainable from all parts of the retina where rods 
are present and is absent from the only places (fovea and blind spot) 
where they are not. This branch exhibits the spectral sensitivity of twilight 
vision which (after correction for absorption by the ocular media) corre- 


sponds very closely to the absorption spectrum of rhodopsin (Crescitelli & 


Dartnall, 1953), a photosensitive pigment which can be seen contained in 
the living rods (Boll, 1876). Test flashes appear colourless whatever their 
wave-length, acuity is poor and the Stiles—Crawford effect is small or absent. 

This is strong proof that rods are involved, but evidence is not so clear 
whether cones contribute or not. If rhodopsin is the only pigment which 
_ absorbs quanta at threshold throughout the second branch, then after any 


* Present address: Physiological Laboratory, University of Cambridge. 
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fixed bleach, the curves obtained with test flashes of various wave-lengths 
should all coincide when suitably displaced parallel to the axis of log. I. 
Such coincidence, however, cannot be obtained from some curves which 
appear reliable. Kohlrausch (1931) and Wolf & Zigler (1955) found that 
adaptation with a blue test proceeded faster and more extensively than 
with an orange test—as might be expected if cones made some contribu- 
tion to the excitability of the second branch. 

On the other hand Sloan (1958), who alternated the colour of the test 
flash (blue/white) throughout the course of each run (instead of making 
separate runs for each colour tested), found no change in relative threshold. 
Sloan’s is clearly the surer method of detecting any change in relative 
sensitivity. We have employed it, using alternately blue and yellow or 
green and yellow tests and looking for any variation in the differential 
sensitivity during the course of rod adaptation. We confirm Sloan in 
finding an exact equality throughout the second branch of the curve and 
conclude that, in the conditions of our experiments, cones enter no more 
into any part of this branch than they do at the final stage of complete 
dark-adaptation. | 

Actually the rod and cone curves do not meet quite sharply at a kink. Almost all published 
results show a rounded transition lasting a minute or so, as might be expected from the 
probability summation of two independent inputs (Stiles, 1949, p. 223). But the creeping 
transition which Wald (1960) has recently presented, lasting from the seventh to the seven- 
teenth minute of dark-adaptation, has neither been seen in his earlier publication (Hecht 
et al. 1935; Wald & Clark, 1937), nor in those of other workers; nor was it found in our own 
experiments, where a very similar technique established a fairly abrupt transition from 
cones to rods. 

It has been widely believed that the fall in threshold exhibited by the 
rod branch of the dark-adaptation curve represents in some way the 
regeneration of rhodopsin. Such a relation between threshold and pigment 
was put forward by Hecht at first to explain the recovery in sensitivity of 
the marine animals Mya and Ciona. The analogy with human dark-adapta- 
tion led to these ideas being carried over to a domain where exact measure- 
ments made them finally unacceptable, and Hecht’s (1937) well-known 
review has only one thing quantitative to say about dark adaptation and 
the photochemical theory. It is, that the instantaneous threshold in the 
dark at the end of light-adaptation—the first point upon the dark-adapta- 
tion curve—is related to the light level to which the eye had been adapted 
by a formula which was-derived from photochemical considerations and 
| fitted the experiments very well. But the considerations which predicted 
the first point were quite unable to explain the rest of the curve (as Hecht 
was well aware), and actually the first point itself was only explicable by 
assuming that a retinal illumination of 0-03 td will bleach half the 
thodopsin away. But this illumination corresponds to the incidence of less 
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than 1 quantum per rod per second and the direct measurements of 
Campbell & Rushton (1955) have shown that actually a light one million 
times stronger is needed. A more detailed discussion of the achievements 
and difficulties of the photochemical theory has been given elsewhere 
(Rushton, 1959). 

In a determination of the dark-adaptation curve, the actual value of 
threshold intensity will obviously depend upon the size, duration, wave- 
length, ete., of the test flash; but if the curve represents simply the 
regeneration of rhodopsin, its shape should remain unaffected by changing 
these test parameters, since they will produce nothing more than a vertical 
shift. The observed results, however, turn out to be more complex. For, 


though change of wave-length may simply result in the vertical shift of the 


curve (as discussed above) an increase in the area or duration of the flash 
does increase somewhat the extent of dark-adaptation and prolong the 
recovery time (Craik & Vernon, 1941; Arden & Weale, 1954). Other factors, 
therefore, besides the regeneration of rhodopsin must contribute to the 
increase of excitability during dark-adaptation—presumably a reorganiza- 
tion of nerve connexions, as Lythgoe (1940) pointed out long ago, and as 
electrophysiology has since confirmed (Barlow, Fitzhugh & Kuffler, 
19574, b). 


The difficulty in establishing securely the photochemical theory has been | 


to measure in the same eye both the visual threshold and the rhodopsin 
level: For, before the development of retinal densitometry, it was not 
possible to estimate the visual pigments in man, and in animals not only 
does the quantitative extraction of rhodopsin need great care and patience, 
but the concomitant determination of the visual threshold by electro- 
_ physiology or behaviour constitutes a difficult and totally different prob- 

lem. Such measurements, moreover, as were undertaken (Granit, Mun- 
sterhjelm & Zewi, 1939; Peskin, 1942) did not suggest any simple or indeed 
unique relation between rhodopsin content and e.r.g. in the frog. And there 
was very little evidence indeed to suggest that the increased sensitivity in 
dark-adaptation was related to the regeneration of rhodopsin, otherwise 
than through the fact that each represented a return to an equilibrium 
which had been disturbed by bleaching. 

This was the position when retinal densitometry threw some new light 
upon the relation by permitting the visual pigment level to be measured in 
the living eye during bleaching and regeneration. It soon appeared that 
human rhodopsin is more or less completely regenerated by 40 min after 
the end of a full bleach (Rushton, Campbell, Hagins & Brindley, 1955); 
whereas human cone pigments are back in about 8 min (Rushton, 1958). 
Both these times correspond closely to the time needed for return to fuil 
visual sensitivity in the dark. 
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This coincidence strongly suggests that there is some intimate relation 


« between threshold and pigment concentration, for while the pigment is 


regenerating the threshold is falling, and at about the stage where regenera- 
tion stops the improvement in sensitivity also ceases. But is the relation 
between threshold and pigment unique, and if so what is it? That is the 
question this paper sets out to answer. 

It is known from the work of Hecht and others (Miiller, 1931; Hecht, 
Haig & Chase, 1937; Haig, 1941; Mote, Riopelle & Meyer, 1950) that rod 
dark-adaptation curves following substantial light-adaptations are all very 
similar in shape, but are displaced laterally along the time axis to various 
extents. The greater the bleaching, the more the curve is displaced to the 
right and the later the recovery at every stage. On the other hand, a more 
profound rhodopsin bleach will also take longer to reach each fixed stage of 
pigment regeneration. Are the curves of pigment regeneration also related 
simply by lateral displacement? And is the time shift the same both for 
the recovery of threshold and for the regeneration of rhodopsin? 

In the experiments to be described the rods were light-adapted to 
various extents and the subsequent regeneration in the dark was followed 
by retinal densitometry. The rod thresholds were defined by a single point, 
namely, the kink in the curve—the moment when the rods first became 
more sensitive than the cones (always after more than 8 min of dark- 
adaptation). Thus, after each light-adaptation it was possible in a single 
run to measure both the curve of pigment regeneration and the moment of — 
cone-rod transition simply by interrupting the former for the short interval 
required to determine the latter. 

It will be shown that no matter how much pigment had to be regenerated 
(> 25%) the kink always occurred at the moment when 92% had been 
resynthesized. And in the Discussion it will be argued that this in con- 
junction with certain well-established facts defines the relation between 
threshold and rhodopsin content. 


METHODS 


Dark-adaptation. Records were traced upon Gunkel & Bornschein’s (1957) modification 
of standard equipment. The subject fixated a small dim red light, and observed the flash of 
@ 1° circular patch situated at 12° from the fovea, continually flashing on for } sec, off 
for 4 sec. The log. brightness was controlled by a photometric wedge driven by a motor, and 
records were traced upon a rotating drum. The direction of the motor was reversed by a 
switch operated by the subject in such a manner that when the flash was seen, the motor 
made it progressively dimmer until finally it was not seen, whereupon the subject reversed 
the switch and waited until he perceived the flash again. A saw-tooth tracing was thus 
obtained which continually oscillated about the true threshold. 

Now in dark-adaptation measurements the moment of transition from first to second 
branch is usually detected by the kink in the curves. This kink is apt to show very clearly 
in the curves which authors draw through their points, but one sometimes feels doubts 
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when faced with one’s own experimental results. Which irregularities are erroneous and 
should be smoothed out; which is the transition point, which perhaps could be emphasize 
a little? The use of test flashes with alternating colours has permitted us to locate the 
transition point securely. 

In front of the test flash was interposed either a yellow interference filter (A = 580 my) 
or a green one (520 my) with a neutral density 0-68 fixed to it, making the combination 
indistinguishable from the yellow in scotopic vision. In photopic vision, however, the 
yellow threshold was more than half a log. unit lower. These two filters were alternately 
interposed, being changed every minute throughout dark-adaptation. The result is as shown 
in Fig. 1. Throughout the first branch of the curve the threshold changed with each change 
in filter, and the tracing resembles a battlement. Upon the second branch per contra the 
two lights are equivalent and the battlements vanish. The moment of transition could be 
appreciated by the subject as the point when an exchange of filters suddenly produced 
practically no change in the colour or the brightness of the test flash. 
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Fig. 1. Dark-adaptation following total bleach. Irregular line is the saw-tooth 
tracing recorded (with pause at 21-24 min). Test flashes were yellow during the 
_ 1 min periods indicated by the short horizontal lines. During the alternate minutes 


they were green of equal scotopic value. Arrow indicates cone-rod transition for 
yellow test light. 


Measurement of rhodopsin. The retinal densitometer had the simple form indicated in 
Fig. 2. The light source A was a vertical coiled filament of a 6V car headlamp. From it two 
beams diverged and were united at the polarizing beam-splitter B, upon which the filament 
was imaged by lenses L,, L, and the two images were adjusted to coincide. Polaroids P,, P, 
completed the orthogonal polarization of the two united beams, which were finally reflected 
into the eye by the tiny mirror M. The lens L, focused the filament upon the cornea and at 
the same time brought sharply into focus upon the retina the image I, of the stop S,, which 
was uniformly illuminated by coinciding with the image of lenses L,, L, formed by L,. The 
light reflected from the eye fell upon L, and an image of I, was formed at I 2 in the plane of 
the iris stop S,, which was shut down so as to be entirely filled by J,. The light passing 


through S, (and that only) fell upon the cathode of an E.M.I. photomultiplier tube P.C., the 
output of which was measured. 
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Principle of measurement. The deep red filter F, transmitted a light which was not 
appreciably absorbed by rhodopsin, so the reflexion of this light into P.C. was unaffected 
by rhodopsin density and hence could be used as a reference standard. The filter F’, trans- 
mitted light of wave-length 516 my, which is strongly absorbed by rhodopsin; thus the 
amount of this light reflected into P.C. was less the greater the density of the rhodopsin 
through which it had twice passed. The polaroid P was mounted in a ball race and rotated 
at a rate of 40/sec. As it rotated it cut off alternately the red and the green light. Thus, if 


_ the rotation rate were n radians/sec, the instantaneous output of the photocell would be 


rsin?nt+gcos*nt, 
where r and g are the maximal outputs from red and green lights alone and t is time (sec). 


Fig. 2. Diagram of simple form of retinal densitometer. For details see text. 


By shifting the photometric wedge W, the value of r could be made equal to g, whereupon © 


the output becomes 
g (sin? nt + cos* nt) = g 
so the a.c. output becomes zero. 

It will now be plain how rhodopsin can be measured. The a.c. output is detected and 
adjusted to zero by shifting W. Any increase in rhodopsin density will affect g but not r, 
and so the a.c. output will no longer be zero. When balance has again been restored the 
wedge W must have introduced into the red pate a density increment equal to that intro- 
duced by rhodopsin into the green path. 

The signal/noise ratio is very much improved “a the use of a phase-sensitive rectifier. 
An additional steady plane-polarized light (not shown in Fig. 2) is passed through the 
rotating polaroid P and focused upon a second photomultiplier cell whose output is multiplied 
by the output from the eye. The integrated product is passed through a sensitive galvano- 
meter which is brought to zero deflexion by suitable setting of the wedge W. Now when 
t is great : ‘ 

nt sin pt dt 0, 


except when p = n, when the expression becomes unity. In this way the integrals of all 
noisy components in the signal average out to zero except such as happen to coincide in 
frequency with n, the signal itself, and are more or less in phase. ‘ 
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Procedure 


The subject’s pupil was dilated with cyclogyl (cyclopentolate HCl 1-0%: Merck Index) - 


and he was aligned in the densitometer, being kept in position by biting upon a dental 
impression and steadying his head with a moulded forehead rest. He fixated upon a small 
red light (not shown in Fig. 2) so placed that the 3° region of retina measured for rhodopsin 
coincided with the 1° test flash detected during dark-adaptation. This adjustment was 
secured by removing the filters F,, F, (Fig. 2) so that a bright white light fell upon the retina 
while the red light was being fixated. Then immediately the subject moved to the dark- 
adaptation apparatus and adjusted the fixation light there so that the test flash fell upon the 
after-image still prominent from the white densitometer exposure. 

The pre-adaptation bleaching light was a very bright white light presented in Maxwellian 
view for 30 sec. The subject fixated just outside the edge of the Maxwellian lens at a marked 
spot, so the fixation spot was not greatly light-adapted, and the regions to be measured lay 
at the centre of a 20° bleached area. 

Campbell & Rushton (1955) showed that the Bunsen—Roscoe law (It = k) holds for the 
bleaching of rhodopsin with exposures up to 45 sec, and Rushton (1956) found that half the 
rhodopsin was bleached by a retinal illumination of 6-8 log,) troland sec, delivered within 
45 sec. The fraction bleached by other illuminations is given by Fig. 6 of that paper, in which 
the bleaching light without any filter interposed was 7-8 log. troland sec. Alternatively the 
result may be computed from the formula 


l 
logio = logy lt—7:3, (1) 


where p is the fraction of rhodopsin remaining unbleached by exposure to a light It (scotopic) 
troland sec. In this way it is possible to bleach a predetermined fraction 1—p of the rho- 
dopsin in any retinal region. 

An important detail in the technique was for the subject to acquire the skill to quit the 
densitometer and later to resume an identical position there, so that measurements of 
rhodopsin (in equilibrium) were repeatable. With this skill it was not necessary to remain 
clamped and immovable throughout the long time course of rhodopsin regeneration, and 
moreover measurements of dark-adaptation could be interpolated. 

The actual course of an experimental run was as follows. After a preliminary bleach the 
subject remained half an hour in the dark, sometimes tracing a curve such as Fig. 1. Then 
one or two preliminary measurements were made of the wedge settings for the fully re- 
generated rhodopsin density. The eye was then exposed for 30sec to the Maxwellian 


bleaching light at a predetermined intensity level. The subject immediately resumed , 


position in the densitometer and readings were taken of wedge settings, frequently at first, 
less so as recovery slowed, with results such as those shown in Fig. 3. When the intervals 
became as long as 2 min the subject left the equipment and rested in the dark between 
readings. The eyes were always kept shut except during the 7 sec or so during which wedge 
settings were being made. 

For the first run the rhodopsin was bleached completely, so that the change in wedge 
setting which corresponded to full bleaching was known from the outset. The setting corre- 
sponding to 85 %, regeneration was therefore easily computed. When in each run regenera- 
tion was seen to reach this point, the subject left the densitometer and took up position at 
the dark-adaptation equipment, and at once began to record his threshold, employing the 
alternate yellow and green flashes matched for scotopic equality. 

Without exception, at the time when regeneration was 85% complete, the yellow flash 
appeared much brighter than the green, showing that cones were still the more sensitive 
system. Within 5 min, however, conditions changed, and the two lights appeared identical 
both in brightness and colour. The subject could signal the moment of this change and it 
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corresponded to’ the kink in the recorded curve, and to the change from castellation to 
smoothness. Dark-adaptation measurements were continued for 2 or 3 min to establish the 
rod curve more securely, and then the subject returned to the densitometer to complete the 


“ regeneration curve. In conclusion, the fully dark-adapted threshold was recorded upon the 


tracing. 
10F ~ 
90% regeneration 
Oe 

& 0.7 Rhodopsin level when rods first 

c respond, green threshold flash 

0-6 

Zero time © 

0-3 F 
oi 
0-1 


0 5 te 15 20 25 
| Minutes 
Fig. 3. Regeneration of rhodopsin in the dark. The curve is an exponential of time 
constant 6 min. All black circles displaced to the right so that zero lies at point 
indicated. Small white circles similarly displaced but further. For each run the 


cone-rod transition of the dark-adaptation curve lay where shown by the arrow. 
O 25%; @ 35 % bleach; © total bleach. 


RESULTS 


The results of one experiment are shown in Fig. 3, where the large white . 
circles show the fraction of rhodopsin regenerated at various times after a 
total bleach. The curve is an exponential of half-decay time 4 min. The 
moment in dark-adaptation when the rods first responded to the green 
flash is shown by the arrow and corresponds to a regeneration of 92% 
rhodopsin after an interval of 15 min in the dark. 

The black circles represent a repetition of the experiment with a weaker 
pre-adapting light which bleached 35°%, of the rhodopsin. These results 
have been plotted in Fig. 3, displaced 6 min to the right so that zero time 
falls at the point shown. This is the displacement required to bring the 
first point into coincidence with the exponential curve, and it is seen that 
all the subsequent points lie also upon the same curve. The moment when 
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rods first responded to the green flash is shown by the second arrow, and 
though this is now only 10 min from zero time it still corresponds to about 
92% rhodopsin regeneration. 

The small white circles represent a third run, now with a 25% bleach. 
The method of plotting is analogous to that used for the black circles and 
rods still first appear at about 92 % rhodopsin regeneration. 


DISCUSSION 


The important fact which appears from the experiment of Fig. 3 is that, 
despite very different extents of bleaching and subsequent periods in the 
dark, the threshold for rods is found to be the same (namely just below the 
dark-adapted cone threshold and 1-9 log units above absolute rod threshold), 
when rhodopsin regeneration has reached a fixed value of about 92%. Nor 
is this fixed correspondence between threshold and regeneration likely to 
be confined to that point alone. 

Most investigators (Miiller, 1931; Hecht et al. 1937; Haig, 1941; Mote 

_et al. 1950) who have made a careful study of the effect of various substantial 
bleachings upon the subsequent dark-adaptation have shown that the 
various rod curves are superposable by lateral displacement. And we have» 
seen that the regeneration curves of rhodopsin appear also to be super- 
posable by lateral displacement. If this is accepted it must follow that the 
displacements of Fig. 3 which cause all the pigment curves to coincide will 
also bring into coincidence the threshold points, not only at the first 
moment of their appearance which we have tested but throughout. 

It must be admitted, however, that measurements of the final 8 % of 
rhodopsin regeneration are not accurate enough to establish the exact 
superposability of this tail end of the curves: Our confidence in it rests 
upon the following argument. 

We have seen from Fig. 3 that the over- ‘all regeneration of rhodopsin 
follows pretty accurately the relation 


y = (2) 
where y is the fraction of opsin still uncombined at time t (min), and y, is 
y at zero time. But from the chemistry of rhodopsin regeneration (Wald 
& Brown, 1956) we know that 

retinene + opsin > rhodopsin 
x y (1—y). 
Thus if x is the concentration of retinene, the rate of Sicllemtion of 
rhodopsin is given by 
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where k is the velocity constant. But differentiating (2) gives 


dy 1 
= = y/6. 


1/6k (3) 


Thus the exponential regeneration of rhodopsin implies a constant value 
for x, the concentration of 11-cis retinene, as has already been shown in the 
case of cone pigments (Rushton, 1958). Now the retinene is formed either 
by oxidation from the 11-cis vitamin A store or by isomerization of the 
all-trans retinene liberated upon bleaching, and it is removed by combining 
with opsin to form rhodopsin. The exponential curves show that when 
removal is relatively fast the retinene replacement maintains the con- 
centration x at a very fixed level. Thus it would be surprising if this level 
could no longer be maintained in the later stages of regeneration when 
removal is only slight. But if the level here does remain fixed, the curves 
must remain strictly exponential, and we are justified in our belief in their 
precise superposability. From this we conclude that there is a fixed rela- 
tion between threshold and the fraction of opsin still uncombined, and we 
may now ask what that relation is. 

Each member of the series of dark- adaptation curves obtained by Haig 
(1941) after various bleaching exposures was shown to fall upon a mathe- 
matical curve of the form 


log = (4) 


where J, is the dark-adapted threshold and a, 6 are constants. It is true 
that the equation quoted by Haig looks much more complex than (4) but 
it may be reduced to this form by a suitable change of constants. Haig 
found the time constant 6 to increase with increased bleaching, but for 
bleaches greater than 25%, b reached an upper limit of about 6 min. Now 
6 min is the time constant for rhodopsin regeneration, so combining equa- 
tions (4) and (2) we obtain | 


logI/I, = = ay/yo. (5) 
Thus, if threshold is expressed in units of the dark-adapted value Jp, we 


derive the required relation—log. threshold is proportional to the fraction. 


of opsin still uncombined. This is the relation which Wald, Brown & 
Smith (1955) have deduced (for small bleaches) from the ‘compartment hy- 
pothesis’ of Wald (1954). It receives experimental support from the impres- 
sive paper of Dowling & Wald (1960) which has just appeared, wherein 
several important changes in structure and function of the rat’s retina are 
studied in relation to the removal of rhodopsin. One aspect of this work 
concerns the change in log. threshold which accompanies the bleaching 
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and regeneration of rhodopsin. Albino rats had all their rhodopsin bleached 
away by exposure to bright light. Then, during the subsequent stay in the 
dark, the e.r.g. was determined at different times in response to flashes of 
various strengths. The rhodopsin present at each state was found by killing 
a rat and extracting its rhodopsin, one pair of retinas yielding a solution 
from which a measurement could be made with good precision. Experi- 
mental details are not given, but this exacting work appears to have been 
well performed, and demonstrates good linearity between the rhodopsin 
content and the log. threshold for the first appearance of the e.r.g. This 


investigation therefore established experimentally for the rat the linear 


log. threshold relation which we confirm in man at a very different level of 
visual activity. 

Dowling & Wald (1960) then went further and extended the relation to 
the condition of night blindness which follows deprivation of vitamin A 
from the diet. Young rats were reared upon food lacking vitamin A but 
containing vitamin A acid. They grew well and appeared normal in health 
except for the rods, which at first lost rhodopsin and later lost their 
structure and degenerated. During the period of 7-10 weeks, throughout 
which rhodopsin progressively fails but structural change is not yet severe, 
the e.r.g. at maximum is nearly normal in size, though it needs a much 


stronger flash to elicit it. The relation between the e.r.g. log. ‘threshold’ — 


and the fraction of rhodopsin present, as compared to normal, at each stage 


is again linear. And the line is the same one which fitted the relation 


described above. Thus removal of rhodopsin either by memening or by 
vitamin lack raises the ‘threshold’ in identical fashion. 

Now the ‘threshold’ for an e.r.g. is some 1000 times higher than that for 
rod vision, so one should hesitate to jump from relations about e.r.g. in the 
rat to perceptual thresholds in man, though Karpe & Tansley’s (1948) 
work goes some way to support this. The present results, however, do show 
rather directly that the same logarithmic relation applies. 

In this paper the evidence that log. threshold depends immediately upon. 
rhodopsin content is fairly straightforward, but the grounds for believing 
the relation to be linear are more indirect. We are strengthened in this 
belief, however, not only from Dowling & Wald’s results upon the rat, but 
also from some observations upon a ‘rod monochromat’ where the same 
relation could be demonstrated upon a far more extended scale. This is 
described in the papers immediately following. 
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SUMMARY 

1. Dark-adaptation curves were traced by using a test flash which 
alternated in colour each minute between yellow and green. The coloured 
filters were adjusted for scotopic equality, thus they were indistinguishable 
on the rod branch of the curve (Fig. 1) but exhibited a battlement tracing 
upon the cone branch. In this way one knew at each minute whether cones 
or rods were involved. 

2. The regeneration of rhodopsin was measured by reflexion densito- 
metry in the normal eye following light adaptations which bleached 


various fractions of rhodopsin from 25 to 100%. Regeneration always 


returned along an exponential curve of 4 min half-return time. 

3. During each run of pigment measurement the procedure was inter- 
rupted for a few minutes to permit some dark-adaptation measurements to 
be made. These always included the cone-rod transition, which occurred 
at about 2 log. units above the full dark threshold. 

4, At the moment of the transition the rhodopsin had always regene- 


rated about 90% independently of the amount bleached initially. 


I should like to thank Dr R. D. Gunkel for the loan of his dark-adaptation equipment 
and for valuable assistance in the course of these experiments, and I am grateful also to all 
those who offered themselves as subjects in this work. Above all am I indebted to Dr M. G. F. 
Fuortes, who proved to be the most steady and consistent subject I have ever had. From his 
eye are taken the records shown in this paper: to his skill is due such accuracy as has been 
achieved. 
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It is well recognized, particularly from the work of Hecht (1937), that 
measurements of visual function at different levels of illumination gene- 
rally fall into two categories, a low intensity scotopic portion and a high 
intensity photopic portion. Thus in the time course of dark-adaptation, 
and in the curves where log. increment threshold, log. acuity or flicker 
fusion frequency is plotted against log. field intensity, the results are found 
to fall upon two distinct branches. The low-intensity branch has the 
spectral sensitivity of rhodopsin, and it is not seen in measurements made 
upon the fovea centralis; it is therefore considered to be due to rod func- 
tion. The other branch has a different spectral sensitivity, it is found upon 
the rod-free fovea and hence it is considered to be due to cone function. 

_ Now though there are considerable difficulties in distinguishing the 
functions of the various types of cone, it is easy to separate cone curves 
from rod curves over the whole intensity range of the cones. For not only 
may measurements be made upon the fovea where rods are absent, but 


~ even elsewhere it turns out that cones have an increment sensitivity and 


fusion frequency so much higher than rods that the plotted curves 
generally show the cone branch substantially in its entirety. 

It is otherwise with rod curves, for not only is there no part of the 
human retina which contains rods without cones, but the very features 
which make cone measurements outstanding in a mixed population make 
rod measurements unavailable. In fact, we can only measure rods at 
intensities below the cone threshold. This does not mean that rods are 
necessarily inactive at higher intensities, but their activity cannot be 
measured by ordinary threshold procedures, and we are left wondering what 
course the rod branch may take after it disappears behind the cone branch. 

This question could be answered if we were able to investigate a subject 
who had no cones but whose rods and rod pathways to the brain were 
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normal. The subject to be described in this paper and in the sequel comes 
near enough to that condition to be of interest. 

Photanopia. A rare congenital condition resembling pure rod vision has 
been recognized for about a century and has played an important part in 
establishing the duplicity theory of vision (see the historical review in 
Walls & Heath, 1954). The subjects have little or no colour vision and are 
hence called ‘achromats’ or ‘monochromats’, more specifically rod-mono- 
chromats, to distinguish them from an entirely different type of achromat 
with good photopic vision (cone monochromats). But all the subjects fully 
investigated have shown features inconsistent with what would be ex- 
pected of an eye with normal rod vision and nothing else. They have 
generally exhibited some features resembling a limited cone vision (Lewis 
& Mandelbaum, 1943; Hecht, Schlaer, Smith, Haig & Peskin, 1948). The 
degree and the manner in which cones enter varies considerably in reported 
cases and the cone spectral sensitivity may be maximal either at 440 my 
(Blackwell & Blackwell, 1959), 510 mp (Sloan, 1954, 1958; Alpern, Falls & 
Lee, 1960) or in our case at 550 mp. There is no reason to believe that all 
these represent the same genetic condition, and indeed the mode of in- 
heritance of the ‘blue cone’ type appears to be different from that of the 
‘rhodopsin cone’ type (H. F. Falls, personal communication). It seems 
convenient to have a name shorter than ‘incomplete typical achroma- 
topsia’ to describe these various cases of very deficient photopic vision, 
and we shall use ‘photanopia’ to include them all. 

Our object here is to study rod vision in one photanope for the informa- 
tion this may give concerning normal rod vision, and so we shall not be 
concerned except incidentally with the complex and fascinating questions 
as to the nature of the cone malfunction. This matter has been discussed 
extensively by Walls & Heath (1954) and investigated by Alpern ef al. 
(1960) with a very impressive range of techniques. 

Description of the photanope D.M. She was 17 years of age with no 
brothers and one younger sister who was said to exhibit the same condition 
in milder form. There was no known comparable visual defect in parents or 
relations. D.M. had had the condition all her life and some years back 
exhibited a marked nystagmus which has now largely vanished (as it 
usually does in this condition with advancing years). 

She saw well (i.e. normally) in dim light, but with increasing illumination 
she saw worse, and upon questioning it appeared that contrast was lost and 
the whole field assumed a bright undifferentiated appearance. A retinal 
illumination of 1000 td would produce this effect, and produce it instantly, 
and upon return to 1 td the sense of contrast returned within a second or 
so. It therefore was not linked with the bleaching and regeneration of 
rhodopsin which takes 4-5 min to recover half way (Rushton, 1961). 
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Although she did not like bright illumination, it gave her no pain, and she 
could submit to 30 sec fixation upon 1,000,000 td of retinal illumination 
without complaint and without the subsequent 2 hr of disability described 
by Walls & Heath (1954). 

Visual acuity was 20/80 as measured by the Snellen chart (no serious 
error of refraction). Colour vision was nearly absent, but good red or blue 
lights were always correctly named. Blue-green and yellow were both 
called grey, and she failed in all ordinary colour-vision tests. 

It is important but not easy to know whether the fixation point falls 
upon the fovea or not. When an ophthalmoscopic arrangement focused a 
bright 2° field upon the retina and D.M. was asked to fixate the centre of it, 
the illuminated retinal region was seen to have a point of light (foveal 
reflex) situated near the centre. This point of light is the real image formed 
by the ingoing beam after reflexion in the foveal cup. The point is situated 
about 30 » in front of the centre of the cup. Thus if the fovea is defined as 
the region of the cup the illuminated retinal image was seen to be situated 
near the centre of the fovea, and hence in these conditions D.M. fixated 
with her fovea. However, this is not to say that she did-so in other condi- — 
tions of illumination. _ 

D.M. was a very favourable subject for this work because her rods 
appeared quite normal and such cones as she possessed had familiar pro- 
perties and hence could easily be understood. Moreover she was most 
co-operative, with quick understanding, sharp observation and sustained 
attention. Nevertheless, in spite of long hours and repeated sessions much 
of the work is less complete and well confirmed than could be wished, but 
the period at our disposal was limited. 

In this paper we investigate the increment threshold, and in the sequel 
the course of dark-adaptation in relation to the regeneration of rhodopsin. 


METHODS 


The optical arrangement of Fig. 1 was designed to superpose a small flashing light upon a 
background field and to present these to the subject by Maxwellian view, in such a manner 
that the points of entry of flash and field through the pupil could be adjusted to centre or 
periphery. The light source was a zirconium arc (not shown) whose crater was focused by 
an achromatic lens upon the stop S, of 3 mm diameter. The light could be attenuated by 
neutral filters F’, in the common path. Light entering through S, was divided by the beam- 
splitter B,, and each beam could be modified by neutral wedges W,, W, and neutral and 
narrow-band interference filters F,, F,. The beams were recombined at the beam-splitter B, 
and fell upon LZ the Maxwellian lens, which imaged S, upon the pupil at } of the size. 
Beam 1 usually filled the lens and provided the background field; beam 2 was restricted by 
stop S, and subtended a 1° patch in the centre of the lens (see inset, Fig. 1). The rotating 
sector R continually interrupted the light so that the 1° patch was on for half a second and 
off for half a second. A small fixation light D was placed at the edge of the lens L when 
parafoveal increment thresholds were measured. The brightness was adjustable and the 
distance from the 1° patch was 7°. 
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It was sometimes required to send the flashing light through the centre of the dilated 
pupil (8 mm diam.) and the background field through the periphery, or vice versa. The 
separation of the two focal points of entry upon the pupil as indicated by the inset of Fig. 2 
was adjusted by rotating B, in the horizontal plane. The shift across the pupil was achieved 
by a horizontal movement of L across the beam. Mechanical stops were fixed so that the 
lens could instantly be pushed from one position to the other to change between situations 
A and B (inset, Fig. 2). When the light is passing through the pupil, it is not easy to see the 
point of entry; that only becomes obvious when the light is caught upon the iris muscle. 


A 
D 
a 
Fy 
R 
—= Field Flash 
$3 C 
B, L 
\ 
* Eye 
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Fig. 1. Apparatus for measuring increment thresholds. Inset: Visual field. A, light 
from zirconium are focused upon stop; B,, B,, B,, beam-splitters; C, white card; 
D,,. fixation light; F,, F,, interference filters; Ff, neutral filter; R, sector disk, 
$ sec on, } sec off; S,, S,, S;, stops; W,, W,, wedges. 


The beam-splitter B, (Fig. 1) was found very helpful, for by placing the white card C to 
coincide with the image of the pupil, the two points of entry upon the pupil also appeared as 
bright points upon the card. Then, looking through the beam-splitter, these points could 
easily be seen, and so could the whole reflected eye, if a weak light was shone upon the 
subject’s face. In this way the two focal points could be seen clearly in relation to the pupil 
as in the insets A, B (Fig. 2) and the entry points properly adjusted. B, was left in position 
to check from time to time the possibility of small head movements which could impair the 
setting. 

_ The subject bit upon a dental impression, her head was steadied by a forehead rest, and 
she fixated either the central flashing 1° field or else the red fixation light D, 7° away. The 
pupil was dilated with cyclopentolate HCl 1%. 

Calibration of interference filters. The interference filters were all about 10 mp band-pass 
at half maximum. They were treated as though they transmitted monochromatic light at 
peak wave-leugth. We needed to know the relative energies of the light incident upon the 
cornea. An E.M.I. red-sensitive photomultiplier cell was covered except for a 2mm hole 
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drilled in a metal cap above the photocathode. The cell was substituted for the subject’s eye 
so that the } mm focal point of light entered the 2mm hole and the light fell upon the 
cathode. An opaque screen was interposed at F, and the wedge W, (Fig. 1) was adjusted so 
that the output of the photocell was always the same whatever the interference filter F,. 
The spectral sensitivity of the photocoll was known and thus the relative quantal flux scala 
be directly calculated. The calibration was made in beam 2 (Fig. 1) and all the spectral 
sensitivity measurements were made in this beam; thus the calibration gives directly the 
relative quantum flux at the cornea. 


Log Al (arbitrary units) 


Log. | (td) 
Fig. 2. Increment threshold 7° parafoveal. Ordinate, log. increment flash intensity 
(arbitrary units); abscissa, log. background field. ©, normal subject; @, phota- 
nope; continuous curve, normal rod increment threshold curve (from Aguilar & 
Stiles, 1954). Inset: Points of entry of flash and field lights through dilated pupils 
in two cases A and B. | 


RESULTS 
Parafovea 


In Fig. 2 are plotted some increment thresholds with the adaptation 
field in log. trolands as abscissa and the superposed threshold flash as 
ordinate also upon a logarithmic scale. The white circles show the result 
upon a normal subject with our apparatus obtained with yellow light 
(580 my) for the flash, fixation 7° temporal to the test-flash and with both 
lights sent through the centre of the pupil. The curve is familiar from the 
work of Stiles (1939, 1949, 1953). It consists of two branches each of the 
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same characteristic shape and each corresponding to one visual mechanism. 
In shape each branch is a horizontal line which runs indefinitely from the 
left (the absolute threshold for the mechanism) and turns rather sharply to 
become a line of slope nearly 45° (the Weber—Fechner relation). ‘The lower 
branch to the left corresponds to rod vision. At a field strength of — 1 log. td 
the cone threshold is reached, and a second branch of the curve is obtained 
corresponding to one or more of the cone mechanisms, as Stiles has demon- 
strated very fully. 

Now if the photanope has normal rods and no cones in the retina at a 
point 7° temporal to the fixation spot, we should expect the above experi- 
ment to give a normal lower branch to the curve but no upper branch. The 
black circles (Fig. 2) show that this expectation is exactly fulfilled, and the . 
Weber-—Fechner line continues to rise for 3 log. units above the point where 
it is normally hidden by the greater sensitivity of the cones. At a back- 
ground field luminance of about 2 log. td, however, the rod curve begins to 
change, and in a sense contrary to that expected from the entry of a new 
mechanism. For instead of thresholds appearing below the Weber-— 
Fechner line, at about 2 log. td they rise above it, and at 3 log. td of back- 
ground illumination the brightest white flash we delivered remained 
undetected. 

Now though in normal subjects at moderate illumination rod function is 
usually masked by cone activity, Aguilar & Stiles (1954) have succeeded in 
demonstrating it by an ingenious technique. The activity of cones was 
depressed by using as background field a red light introduced through the 
centre of the pupil, and the test flash excited the rods relatively well by 
being green and by entering through the periphery of the pupil. With this 
technique the threshold of the cones was so far raised that the flash only 
began to excite them at a background field of 3 log. td or more. It was 
therefore possible to plot the increment threshold curve for rods in normal 
subjects up to a background field of 3 log. td. Their results are shown as 
the unbroken curve in Fig. 2 and it is seen that our results upon the 
photanope agree with theirs upon the normal subject so well that the two 
curves may nearly be superimposed. 


Test wpon the fixation point 

_ When the background field was 3 log. td of retinal illumination our rod 
monochromat could not see the brightest flashes when she fixated 7° away 
from the 1° flashing light. But when she looked directly at the flashes she 
could see them. Thus she clearly possesses at the fixation point a visual 
mechanism that does not become ineffective at a retinal illumination 
which incapacitates normal rods. Figure 3 shows an experiment, plotted 
as Fig. 2, which throws some light upon this mechanism. : 
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At each background intensity the photanope made two ‘increment 


threshold determinations (each repeated) one fixating upon the test flash 
and one upon the fixation light (D, Fig. 1) 7° temporal. Both field and 
flash entered the dilated pupil coincident and near the centre in both fixa- 
tion positions. The flashing beam passed through a 580 my interference 
filter, the field through a 520 my filter together with a 0-68 neutral, which 
gave it the same scotopic brightness as the 580 my filter alone. 


from zero to + 2 log. td the threshold is the same when fixation was central 


Background field (log. td) 


Fig. 3. Increment thresholds of photanope with flash and background of wave- 


lengths indicated below. 

Wave-length (my) 
Flash Background 

© fovea 580 510 

@ parafovea 580 510 

A fovea — 510 580 

A parafovea 510 580 

@ fovea White White 


The results of Fig. 3 were taken in the order from left to right. The first 
point had zero background field, so this measures the absolute threshold, 
but the subject had not remained in the dark long enough for it to repre- 
sent the fully dark-adapted threshold. It is seen that for all backgrounds 
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(white circles) or peripheral (black circles), and the results correspond well 
enough to those of Fig. 2. But at backgrounds higher than 2 log. td there 
is a marked divergence in the curves. With peripheral fixation the threshold 
rapidly rises above the Weber—Fechner line and exhibits the features of 
normal rod saturation seen in Fig. 2. With central fixation, on the contrary, 
the threshold falls below the line and evidently indicates the appearance of 
a new visual mechanism. In order to investigate this mechanism more 
extensively the colour filters were removed from flash and field and a two- 
branched curve was obtained as indicated by the squares. The removal of 
filters, of course, causes a shift in both branches of the curve depending 
upon their spectral sensitivity. The two-branched curve with the squares 
has been plotted in Fig. 3, shifted (without rotation) so that the kink 
coincides with the kink of the white circles. | 
The spectral sensitivity of the new mechanism is not that of rhodopsin, 
as may be seen from the effect of interchanging the (580 my) and the 
(520 my + 0-68 neutral) filters which had been in the test flash and field 
respectively. Both for the normal eye and for our photanope these two 


filters had about the same scotopic brightness, so their interchange could - 
have no effect upon pure rod function. At a field intensity of 0-5 log. td 


the interchanged thresholds (triangles for circles) are seen to be unaltered, 
confirming that this part of the curve records the activity of rhodopsin 
receptors. The next point to the right shows the same thing. At 2-2 log. td 
the black (parafoveal) circles and triangle still nearly coincide, signifying 
that this branch still records a rhodopsin receptor. But at 2-4 log. td the 
white (foveal) triangle lies above the white circle by about 1-4 log. units. 
Thus the new mechanism is much more sensitive to yellow (as compared 
with green) than is rhodopsin. ‘This suggests that the second visual 
mechanism at the fixation point is due to cones. If so, they should exhibit 
the Stiles—Crawford retinal direction effect. 


Stiles—Crawford effect 


As is well known, Stiles & Crawford (1933) showed that light entering 
through the centre of the pupil is much more effective in stimulating 
cones than is light which enters through the periphery of the dilated 
pupil and falls upon those same cones. But this retinal direction effect 
applies to cones only, and hardly or not at all to rods (Stiles, 1939; 
Flamant & Stiles, 1948). Thus if the flash and background beams enter 
the pupil in different places, as in Fig. 2 (inset), it should not make 
_ any difference to the rod threshold whether light entered the pupil as 
at A or at B. But if cones are excited in a situation where the increment 
threshold lies upon the Weber—Fechner 45° line, a change from A to B 
should increase the log. increment threshold by twice the change expected 
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from moving the entry point of either flash or field alone, i.e. we might 
expect a total change of about 1 log. unit. 

In the experiment of Fig. 3 a change of pupil entry from A to B caused 
an increase in threshold of 0-1 log. unit in the lower region of the curve, 
but it was otherwise with the second visual mechanism. With conditions 
corresponding to the last circle to the right (Fig. 3) the shift from A to B 
caused 0-5 log. unit of threshold change. 

Alpern et al. (1960) have measured the Stiles—Crawford effect in some 
photanopes more thoroughly than we did. Using a flicker method they 
plotted the efficacy of the light as a function of its point of entry through 
the pupil and found a marked asymmetry, indicating tilting of the foveal 
cones. The magnitude of the Stiles—Crawford effect therefore appeared 
greater or less than normal, depending upon the particular point of entry 
round the edge of the pupil, and our low value may well have been due to 
the one peripheral point we used chancing to be at a low-valued region. 

We conclude that the receptors responsible for the main curve of Fig. 3 
are normal rods, since they have the spectral sensitivity of rhodopsin, the 
absence of Stiles—Crawford effect and they coincide with Aguilar & Stiles’s 
(1954) curve for normal rods, becoming saturated at the normal value of 
3 log. td. The receptors of the high-intensity branch, on the other hand, 
appear to be cones, for they aré more yellow sensitive than is rhodopsin, 
and they exhibit the Stiles—Crawford effect. But they differ from normal 
cones in that they are only detectable on or near the fovea, their threshold 
is very high, and their acuity is poor. _ : 


Spectral sensitivity 

From the results of Fig. 3 it was hardly to be doubted that the spectral 
sensitivity measured at absolute threshold would be that of rhodopsin, 
whether at 7° parafoveal or by direct fixation. We therefore contented 
ourselves with the rather irregular results of Fig. 4 (black circles and 
triangles) which roughly correspond to the rhodopsin sensitivity shown by 
the continuous curve (that plots the log. absorption of rhodopsin against 
number). | 
Of more interest is the spectral sensitivity of the upper branch of the 
_ curve in Fig. 3, namely the mechanism left when a bright background field 
has abolished the response of rods to a superimposed flash. 

The intensity of the white background was raised until no increment 
flash was detectable at 7° parafoveal even with a strong white flash. Now | 
the subject fixated directly and was able to see the flash even when greatly 
reduced. By interposing a filter transmitting either 492, 527, or 590 mp 
the threshold energies. for these lights could be found. The white circles 
of Fig. 4 show the average quantum energies obtained plotted as log. 
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sensitivity. The interrupted curve is the sensitivity of a visual pigment 
which fits Dartnall’s nomogram (1952) and has its maximum at 550 my. 
This shift in spectral sensitivity corresponds closely to the change seen 
in Fig. 3 when the green and es filters in flash and background 
were reversed. 


Rhodopsin curve 


“ 
= 
for saturation of 
the rods 


1 
438 464 92 516 
527 576 615 
Scale uniform for wave numbers 
Fig. 4. Spectral sensitivity for various visual processes. Ordinate, log. sensitivity 
(arbitrary units); abscissa, wave-lengths plotted upon a scale uniform for wave 
frequency. Continuous curves, log. absorption of rhodopsin; interrupted curve, 
the rhodopsin curve displaced to give maximum at 550myp. A parafoveal 


threshold ; @ ‘foveal’ threshold; © foveal increment threshold upon a background - 
which saturates rods. 


Now in Fig. 3 it will be noticed that the level at which the rods lose their 
capacity to signal a superposed flash is just about the level where cones 
enter the picture, so those who hold that cones can inhibit rods may 
incline to the view that it is the entry of the cones which causes what we 
(following Aguilar & Stiles, 1954) have called ‘rod saturation’. According 
_ to this view, inhibition of the rods will be caused by background lights of 
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various wave-lengths when the cones have been stimulated to a fixed 
extent. The spectral sensitivity of a background which just inhibits the 
rods should therefore correspond more or less to the white circles of Fig. 4, 
which represent the sensitivity of the cones actually present. 

In the experiment to find the spectral sensitivity of the saturating. back- 
ground, the stop S, (Fig. 1) and the rotating shutter R were transferred to 
the other beam, so the subject by moving the wedge W, as usual could 
vary the background field. The test flash was white and was made very 
bright so that its exclusion would correspond to fairly complete saturation 
or inhibition of the rods. The black squares (Fig. 4) represent an attempt 
to investigate many points in the spectrum, the white squares give the 
results of another experiment where just three wave-lengths were chosen 
and re-checked several times. 

The points are seen to lie close to the (continuous) curve of rhodopsin 
sensitivity displaced vertically downward, but they cannot be fitted by 
vertical displacement of the (interrupted) curve of cone sensitivity. Thus 
the abolition of rod increment function is due to quanta absorbed by rods 
and not by cones. | 

DISCUSSION 

The photanope whom we studied appeared to have normal rod function, 
and her rod increment threshold curve on the parafovea coincided with 
that of Aguilar & Stiles (1954) in their special conditions which excluded 
increment thresholds of the cones. In particular, rod saturation was 
reached at the same value of about 1000 td. 

When their paper appeared there seemed three kinds of explanation for 
the abolition of increment perception against this moderate background. 

(a) Rhodopsin might be all bleached away at this illumination. This was 
rejected by Aguilar & Stiles in consideration of the small incidence of 
quanta per second per rod, and more recently the direct rhodopsin 
measurements of Campbell & Rushton (1955) have confirmed their con-. 
clusion. 

(b) Rods might be inhibited by cones, so that though rods are still active 
in responding to light they do not send a signal down the optic nerve 
fibres. This is a plausible concept, for the electrophysiological records from 
ganglion cells of animals usually show both rods and cones converging upon 
the same optic nerve fibre, the rod signal preponderating in dim vision, the 
cone signal in bright (Granit, 1947). It is reasonable to think that the rods 
have sole use of the common communication line below the cone threshold, 
but that some mechanism is needed to turn off the rods at high illumina- 
tion, otherwise all the channels might be jammed full of high frequency 
rod discharges and be insensitive to the near-threshold cone response which 
in fact is the signal transmitted. 
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The results of this paper, however, are very difficult to reconcile with 
inhibition of rods by cones, for our photanope, though apparently quite 
devoid of active cones in the parafoveal region, nevertheless, exhibited the 

' ‘inhibition’ of rods there precisely as does the normal subject, and at the 
- game background of 1000 td. The evidence is even stronger; for the 
spectral sensitivity curve Fig. 4 (squares) shows that it is rods not cones . 
upon the background field that catch the quanta which abolish increment 
threshold. 

(c) There are two ways in which rods might become ‘saturated’. (i) The 
signal generated by each rod in response to light will increase with illumi- 
nation but only to some fixed upper limit, and when this is reached an 
increment flash can do nothing further. Upon this view, saturation is a 
property of the light transducer mechanism of the rod. (ii) Rods may in 
fact be inhibited not by cones but by other rods. In electrophysiological 
studies of ganglion discharges from the cat’s retina Donner & Willmer 
(1950) confined themselves to ganglions whose spectral sensitivity was 
throughout that of rhodopsin. The somewhat bewildering diversity of 
on/off patterns of discharge which they recorded from various receptors at 
different intensities makes their conclusion readily acceptable that some 
interaction between rod and rod may be exhibited in the time course of 
discharge. A clear case of spatial interaction which varied with the level of 
dark-adaptation was studied by Barlow, FitzHugh & Kuffler (19574, b), in 
_ the cat. In their situation both rods and cones generally interacted but 
there was no evidence of inhibition of rods by cones; rather the rod—cone 
complex of the centre of a ganglion’s receptive field was inhibited at high 
illumination by the similar rod—cone complex of the periphery. 

The electrophysiology of vision is embarrassing in urging us to explain, 
by nerve discharges of the utmost complexity and variety, visual pheno- 
mena Which had appeared both uniform and simple. Here we go no 
deeper than to point out the alternative mechanisms of ‘rod saturation’. 
However, in view of the results of the following paper the first alternative 
of (c) seems the more likely. 


CONCLUSIONS 


1. In our photanope the rods and rod vision appeared normal, judged 
from all the experiments we have made as described in this and the 
following paper. | 

2. At a background illumination of 1000 trolands the rod increment 
threshold was abolished in the photanope as it is in the normal subject, and 
the abolition is not caused by cones. This in fact is the level of illumination 
at which our subject lost the sense of visual contrast in objects around her 
and became virtually blind. 
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3. Cone vision was restricted to the neighbourhood of the fovea. The 
spectral sensitivity was roughly normal (maximum 550 m uw) and there was 
a Stiles—Crawford effect. But the cone organization was not normal, since 
threshold was extremely high, colour vision practically absent and acuity _ 
poor. 

SUMMARY 

1. These investigations were all made upon one ‘incomplete rod- 
monochromat’ (with some comparison upon normal subjects). 

2. Increment thresholds measured upon the fovea showed a normal rod 
branch and also a cone branch with spectral sensitivity maximal at about 
550 mp but with threshold some 2 log. units above that of normal cones. 

3. At 7° away from the fovea only rods were active, and the increment 
threshold relation coincided with the normal rod relation as measured in 
full extent by Aguilar & Stiles (1954). 

4. At a background of about 1000 trolands normal rods become 
saturated and so do the monochromat’s rods, and this is the level where 
she lost all luminous contrast from her surroundings. 

5. The spectral sensitivity of the background which just saturates is 
that of rhodopsin. Thus the abolition of rod function in monochromat and 
normal subject by a bright background is not due to inhibition of rods by 
cones. For it occurs in normal fashion where there are no cones, and 
rhodopsin is the pigment which catches the quanta. 
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This paper is the third in a succession, of which the first (Rushton, 1961) 
will be referred to as paper I, the second (Fuortes, Gunkel & Rushton, 
1961) as paper II. In paper II we described some studies upon a phota- 
nope—a subject whose photopic vision was very defective, but whose rod 
vision appeared to be normal. In particular, the increment threshold, 
obtained from a retinal region distant 7° from the fovea, coincided with the 
results of Aguilar & Stiles (1954), obtained from normal eyes when special 
precautions were taken to exclude the contribution from the cones. Nowa | 
subject with normal rods, but practically no cone responses, might be 
expected to give very valuable information upon the relation between 
log. sensitivity during the course of dark-adaptation and the regeneration 
of rhodopsin. 

In paper I the course of rhodopsin regeneration was measured in the 
normal eye, and was found to develop according to a monomolecular 
reaction with time of half regeneration 4 or 5 min. It was seen, moreover, 
that after substantial bleaches of various amounts, when rod vision first 
appeared (at about 2 log. units above the final threshold J,), rhodopsin 
was always about 90% regenerated. It was argued that there was a fixed 
relation between the threshold J and the fraction of opsin still uncombined 
with retinene—in fact, that this fraction was proportional to log. (I/J ). 

It was impossible, however, to test this relation experimentally over a 
range greater than 10% of bleaching, since this already causes the rod 
threshold to rise to the level of that for the cones, and with further bleach- 
ing all vision appears to be cone vision and rod thresholds ascend upon & 
curve of conjecture somewhere in the space above the horizontal cone 


branch. 


But a subject without cones would not in this way conceal the ascending 
rod curve, and we might hope to follow rod dark-adaptation through a 
much greater range. This hope has been fulfilled, and we have been able to 
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plot a rod dark-adaptation curve over a range of nearly 7 log. units and to 
correlate this with setting regeneration measured physically mpon the 


same subject. 


MEASUREMENT OF VISUAL PIGMENT 

Rhodopsin 

The apparatus and principles of measurement were those already 
described in paper I, and the procedure was very similar. The subject, with 
fully dilated pupil, was aligned in the densitometer and held in position by 
a dental impression and a moulded forehead rest. After remaining in the 
dark for 30 min she resumed her position in the densitometer, and wedge 
settings were taken to give the value corresponding to the fully regenerated 
condition. Then the subject turned her head and received the bleaching 
exposure. This was a 20° Maxwellian field of 10° td for 30sec, which 
should bleach 97% of the rhodopsin in the retinal area involved (see 
formula 1, paper I). 

The subject tolerated this well, and was seen neither to blink much nor 
shift her gaze from the fixation point placed just outside the Maxwellian 
lens. She returned at once to position in the densitometer and fixated upon 
the small red light (always recognized as ‘red’) situated 12° from the 
region measured. This region was a 3° circle near the centre of the 20° area 
bleached. 

The subject remained in position for the next 40 min with eyes closed 
except for brief periods of about 7 sec during which wedge settings were 
being taken. At the end of 40 min no further regeneration of pigment 
occurred, and the initial full dark level had been reached. 

Rhodopsin measurements with our photanope were not so self-consistent 
as with the best of our normal subjects. This may have been due to her 
difficulty in maintaining accurate fixation, for her central acuity was poor, 
and there persisted a tiny residue of her earlier nystagmus. The irregu- 
larities are greatest within the first few minutes after bleaching, and it is 
probable that this enormously bright light left a temporary impairment of 
steady fixation, as indeed for a few seconds it does with normal subjects. 

The filled circles of Fig. 1 show one such measurement of rhodopsin 
regeneration in the photanope; the open circles show it in the normal 
subject. Both ordinates are expressed as fraction of total rhodopsin 
present, and the actual amounts of rhodopsin, as measured by change in 
wedge setting after a full bleach, do not differ by more than 10 % from one 
to the other. 

We may conclude, therefore, that the photanope has about the normal 
amount of rhodopsin in the retina at 12° temporal to the fovea and that it 
regenerates at the normal rate. 
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_ Fig. 1. ©, regeneration of rhodopsin in a normal subject; @, in the photanope. 
Irregular curve, dark-adaptation curve of the photanope; interrupted curve, the 
same experiment with a normal subject. 


Foveal pigment 

An attempt was made to measure any visual pigment that there might 
be upon the photanope fovea by means of a 2° measuring field centrally 
fixated. The bleaching exposure was for 30 sec to a white light of 106 td, 
which should have bleached all the cone pigments present, but measure- 
_ ments with lights of 500, 540 and 580 mz all failed to detect reliably any 
change in foveal reflectivity. These central measurements were less steady 
than the peripheral rhodopsin values, because the macula lutea and foveal 
reflex emphasize irregularities due to eye movements. Moreover, cone 
pigments regenerate fast, and thus can only be detected within a minute or 
two of bleaching, and this is just the period where that intense light leaves 
irregular fixation. 

Despite these uncertainties, an amount of siesta! sian to 
10% of that present upon the normal fovea could perhaps have been 
detected—20 % with some confidence. Neither rhodopsin nor cone pig- 
ments were found in this amount, nor indeed was it to be expected, 
judging by visual function. For our subject had an acuity of 20/80, which 
might correspond to a coarsening of the mosaic grain of the fovea by }, 


linear, or ;; by area. Thus, if all the cones present had normal pigment, 
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the total pigment change would only be ;, of normal, which in this subject 
certainly could not have been seen. 


DARK-ADAPTATION 


The apparatus was Gunkel & Bornschein’s (1957) adaptometer, used as 
described in paper I. The subject traced out her own curve by continually 
reversing a motor driving a photometric wedge’so that the test light 
alternated between being seen and not seen; thus the tracing appeared as 
a saw-tooth curve oscillating about the curve of true threshold. In the 
normal subject the cone branch of the dark-adaptation curve can be dis- 
tinguished from the rod branch by changing the wave-length of the test 
flash. This was shown in Fig. 1 of paper I, where the test flash alternated 
each minute between yellow (580 my) and green (520 mp) of equal 
scotopic intensity. The rods, therefore, could not distinguish between the 
two test lights and the rod curve was smooth, but the cones were some 
three times more sensitive to the yellow than the green. Consequently, the 
cone threshold jumped half a log. unit at each chanige of light, and the 
cone curve presented a castellated appearance. 

Now we have seen in paper II that: our photanope, D.M., has a cone of 
spectral sensitivity rather similar to that of normal cones and very 
different from that of normal rods; thus her dark-adaptation curve traced 
by the alternating test-colour technique would be expected to show a 
smooth rod branch and a castellated cone branch. Figure 2 shows that this 
is the case. The curves are the actual tracings made by the photanope in 
two experiments from the same sitting, following different bleaching expo- 
sures. Each curve exhibits an initial castellated cone branch where the 
yellow flash is far more effective than the green, and where very little fall 
in threshold is seen. The second branch per contra shows no castellation in 
any part (though the alternation of flash colour continued throughout the 
whole curve) and the fall in threshold for a green flash covered about 
6 log. units. 

If we are correct in interpreting the tracings as cone and rod branches, 
we should expect the first branch to show a Stiles—Crawford effect, and the 
second branch to show none. This, in fact, was confirmed in a sepata te 
experiment. uf 

The subject was aligned i in the an EAPE shown in Fig. 1 of paper II, 
with the background field abolished by an opaque screen at F,. After full 
bleaching the fairly constant cone threshold was measured during the first 
5 min of dark-adaptation with the point of entry alternately through the 
centre of the pupil or through the edge, as at A or B (inset) Fig. 2 of 
paper If. It was found that there was a Stiles—Crawford effect during the 
first few minutes, though only about 0-2 log. units in magnitude (consistent 
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with 0-5 for the double value found in paper II). Upon the rod branch, on 
the other hand, no Stiles—Crawford effect was detectable. 

The great range of dark-adaptation shown by the rods in Fig. 2 suggests 
a possible source of error. If the retinal area exposed to the bleaching light 
is limited (it was a 20° circle in our case), the rods outside this area will 
not be bleached, and hence will remain fairly dark-adapted and capable 
of being excited by stray light if sufficiently intense. Now it will be 
observed that when rods first appear in Fig. 2 their threshold is raised 
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Minutes 
Fig. 2. Dark-adaptation in photanope following 94 and 50 % bleachings. Alternate 
yellow, Y, and green, G, test flashes throughout the whole curve. 


about a million times above the final value, so 1/100,000 part of this test 
intensity scattered into the periphery would probably suffice to excite the 
rods there. And indeed attention was drawn to this by our subject who 
said, ‘During the first few minutes, I can see out of the corner of my eye 
that the light is flashing, but I suppose that you only want me to say I see 
it when I see it where it really is.’ 

In a pure cone-free retina an error of this kind would produce an early 
branch resembling that of Fig. 2, but without castellation, and it might be 
interpreted as due to receptors which contain rhodopsin but regenerate 
very fast—‘rhodopsin cones’ or ‘daylight rods’. This effect of scatter can- 
not account for the early branch of Fig. 2, for the receptors here showed 
the Stiles-Crawford effect and had a spectral sensitivity very different 
from that of rhodopsin, and hence could not have been peripheral rods; ~ 
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moreover, the possibility of error was detected and set aside by the quick 
intelligence of our subject. I do not wish to suggest that this error has in 
_ fact misled any former workers, but when dark-adaptation in the phot- 
anope appears to reveal ‘daylight rods’, the possibility of scatter should 
clearly be borne in mind and carefully excluded. 

One way to do this is to reduce the sensitivity of all the rods in the 
retina by giving a preliminary bleach from a large milk-glass screen at 
moderate illumination placed very close to the eye. This is then followed 
immediately by the strong bleach applied to the limited region to be 
tested. Some experiments were performed in this way and showed no 
difference in the resulting dark-adaptation curve of our subject. 


The relation to normal dark-adaptation 


In normal subjects we can only plot the rod dark-adaptation curve 
below the level of the cone threshold, and how the curve may run above 
this level is largely a matter of conjecture. According to Elenius & Heck 
(1957), the cones inhibit the rods and during dark-adaptation delay the 
moment when rods are effectively connected to the optic nerve. If this 
were true, we should expect dark-adaptation in the photanope to be dis- 
tinguished from normal by the virtual absence of cone inhibition, with 
the result that the recovery of rod vision would be less delayed. 

The observed facts are displayed in Fig. 1, where the interrupted curve 
represents the dark-adaptation curve of a normal subject (M.G.F.F.) 
tested by the alternating green-yellow flash technique. The continuous 
curve is traced by the photanope D.M. (with rest pauses at 15 and 20 min), 
using a white test flash. The two curves have been reproduced with vertical 
displacements so that they coincide at full dark-adaptation. Both subjects 
had a similar bleaching exposure (97% bleach) and both showed similar 
rhodopsin regeneration, as indicated in Fig. 1 by the black and white circles. 
The dark-adaptation curve of the normal subject shows the castellated cone 
branch for the first 20 min, at which point the photanope curve is met. 
Thereafter the two curves march together. This does not at all support the 
idea of rods being inhibited by cones, but it is precisely what should 
happen if rods and cones are independent mechanisms and if the more 
sensitive in any situation alone determines the threshold, as Stiles (1949) 
has established for increment thresholds. 

The evidence upon which Elenius & Heck (1957) based their conclusions 
was derived, not from visual thresholds but from e.r.g. measurements upon 
photanope and normal subjects. This work we have attempted to repeat and 
shall discuss elsewhere; here we simply state that we have not confirmed 
their observations. 

It seems reasonable to conclude that in the photanope both rods and 
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rod vision are normal. For not only is the regeneration of rhodopsin the 
same in photanope and normal subjects (black and white circles, Fig. 1), 
but photanope and normal rod thresholds also coincide throughout the 
whole range where normal rods can be measured. It seems likely, there- 
fore, that the thresholds, of normal rods, where they cannot be directly 
observed (namely, above the level of the cones) are also given by the full 
sweep of the photanope curves as shown in Figs. 1 and 2. The relation, 
then, between log. threshold and the fraction of rhodopsin present which, 
for the photanope, is plotted over a large range in Fig. 1, may be considered 
as the relation of the normal rods; and we may now measure the curves and 
find what the relation is. 


The relation between rhodopsin and threshold 


Suppose that we draw across Fig. | a series of vertical lines, the ordinate 
values of the rhodopsin curve will give the fraction of pigment present, 
the ordinates of the dark-adaptation curve, the corresponding value of 
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Fig. 3. Relation between log. threshold and fraction of ere 
present in photanope. 


log. I/I,—the logarithm of the threshold when this is expressed as a ites 
of the fully dark threshold. In Fig. 3 these two values have been plotted 
ohe against the other, and a reasonably linear relation is found. This is the 
relation which in paper I it was argued should occur, and which has been 
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found by Dowling & Wald (1960) to exist between the rhodopsin content 
and log. e.r.g. threshold in the rat. 

The lateral displacement between the two curves of Fig. 2 is consistent 
with this relation between rhodopsin and threshold. The bleaching expo- 
sures in each case lasted 30 sec and amounted to 6-8 and 7-4 log. td sec, 
respectively. Now in a previous investigation (Rushton, 1956) it was 
shown that 6-8 log. td sec leaves $ the rhodopsin unbleached. Therefore, 
7-4 log. td sec, which is 4 times this energy, will leave (})* or about 6%, 
unbleached. But from Fig. 1 it is seen that rhodopsin takes 4 min to 
regenerate from the 6 % to the 50% level. Hence the two curves of Fig. 2 
_ should be laterally separated by an interval of 4 min. In fact, the curves 
are not quite the same shape, being separated by about 3 min in the upper 
part and 5 min in the lower part, but the displacement is of the right order 
of magnitude. 


DARK-ADAPTATION AND INCREMENT THRESHOLD 


We may obtain some important information about the nature of dark- 
adaptation by measuring the threshold flash in the period following light- 
adaptation, not against a black background, but superposed upon fields 
of various luminances. This experiment has been performed by Crawford 
(1947) and Hattwick (1954), and in modified form by Sloan (1950), upon 
normal subjects with the following results. A dim background will raise the 
final threshold for the rods without greatly affecting the cones; a brighter 
background will raise somewhat the cone threshold, but elevate that of 
rods so much that they are hardly detectable and further brightness 

abolishes the rod branch entirely by raising it above cone threshold. 

The high cone threshold of the photanope permits this study to_be made 
upon rods over a much greater range. 

The increment threshold equipment shown in Fig. 1 of paper IT was weed and a region 7° 
parafoveal examined. First the increment threshold was determined for the whole range of 
background fields, with a white flash which could be made bright enough to show some very 
high threshold cones (black triangles, Fig. 5). Then a total bleach was applied in the usual 
way and dark-adaptation measurements initiated. The increment light flashed continually 
and the subject moved the interposed wedge until threshold was obtained. When satisfied 
she remained in position upon the biting block and snapped her fingers, the time was 
immediately noted and then the wedge setting was recorded. Filters were changed in flash 
and background beams between each reading so that five dark-adaptation curves were 
simultaneously er each with a different background field. Finally, after 45 min, the 


whole inc t-threshold curve was redetermined (dots) and found to agree with the initial 
values. 


Dark adaptation against a fixed background light 


The five dark-adaptation curves are plotted in the usual way asa family — 
of curves in Fig. 4. With the exception of the upper curve at a background 


of 2-4 log. td, which lies close to rod saturation (paper II; Aguilar & Stiles, 
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1954), the curves show the features already clear from the results of 
previous workers. The dark-adaptation curves all coincide for the first 
14 min. and then, one by one, suddenly stop their increase in sensitivity 
and rather abruptly level out at a value dependent upon the background 
intensity. | 

There has been a tendency to explain this in terms of the bleaching of 
rhodopsin by the background light, which thereby opposes regeneration 
and brings the pigment into equilibrium at a level somewhat short of full 
regeneration and, hence, of full sensitivity. There are strong arguments 
against this explanation. 
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Fig. 4. Dark-adaptation curves of photanope against background fields 
of luminance shown by number (log. td), against each curve. 


From Fig. 4 it appears that a background field of —1 log. td raises the 
increment threshold by 1 log. unit. If this is due to bleaching, we can see 
from Fig. 1 that about 4° of rhodopsin must have been bleached, since © 
this raises the dark-adapted threshold 1 unit above the absolute value. 
But, —1 log. td corresponds to a retinal illumination of about 1 quantum 
(500 my) incident per rod per second, and even in complete absence of 
regeneration such a light would take 4 months to bleach away the required 
4%, accepting the photosensitivity measurements of Dartnall, Goodeve & 
Lythgoe (1938) for rhodopsin in solution, which have been shown to apply 


But a sudden change of background field causes the new increment 
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threshold to be established, not in the matter of months nor even of 
minutes, but within a second or so. It cannot, therefore, depend upon the 
bleaching and regeneration of rhodopsin. 

The dark-adaptation threshold obtained against various backgrounds 
depends, in fact, upon the background intensity, but not upon the time 
(greater than a second or two) through which this background has been 
maintained. In sharp contrast to the 20-30 min delay required to reach 
full dark-adaptation with any background is the mere 2 sec wait needed 
when changing back and forth between various fields at every stage of 
dark-adaptation, as experienced in the determinations of Fig. 4. Incre- 
ment thresholds, therefore, are not coupled to the rhodopsin level, but 
constitute a largely independent mechanism. 

But if the increment-threshold relation—the Aguilar & Stiles (1954) 
curve—is not coupled to rhodopsin bleaching, it might be expected not to 
be affected by light- and dark-adaptation. A re-plot of the results of 
Fig. 4 shows that this is the case. Ordinates drawn in Fig. 4 at times 
12, 14, 20, 24 and 30 min cut all five curves, and hence give at each stage 
of adaptation the increment threshold against these five given background 
illuminations. The results re-plotted in this way are shown in Fig. 5. 


Increment thresholds during dark adaptation 


The initial and final increment threshold curves simply confirm what 
was found in the previous paper, and the Aguilar & Stiles (1954) curve for 
normal rods is drawn through them. The rods become saturated at about 
2-7 log. td, and very high threshold cones then appear. 

At an earlier stage in the dark adaptation process thresholds are raised 
(as would be expected) but also the horizontal part of the curves (Fig. 5) 
stretch further to the right before turning up; so these results cannot be 
described by a vertical shift of the Aguilar & Stiles curve. Nor would the 
curve be expected to shift vertically. For if bleaching renders the rods less 
able to generate a signal, this incapacity should affect equally both flash 
and field. So if the curve must move upwards 2 units because the flash is 
so ineffective, it must also move to the right 2 units because the field is 
_ equally ineffective. The Aguilar & Stiles curve, therefore, should be dis- 
placed upwards and to the right along the 45° line. The family of curves 
drawn in Fig. 5 is, in fact, the Aguilar & Stiles curve so displaced and it is 
seen to fit the results for all hackgronsads below near-saturation at all 
stages of adaptation. 

But the saturation barrier was never crossed by the rods. Specific 
investigation of this point confirmed the fixity of that vertical saturation 
line. For instance, the uppermost square (Fig. 5) was compared with the 


same flash upon a background 2-8 log. td—a point just the other side of | 
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the saturation line. In the dark-adapted state, the square would be seen 
and the other point would not. Raising the threshold 10,000 times by 
light-adaptation did not change this result. Though the Aguilar & Stiles 
curve shifted 4 log. units up and to the right, the saturation line did not 
shift at all. To the left of the line the flash was seen: to the right, it was not. 
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Fig. 5. Increment threshold curves at various stages of dark-adaptation derived 
from re-plotting the results of Fig. 4. A, initial increment threshold relation. 
Number against each curve shows number of minutes of dark-adaptation. 


DISCUSSION 


The experiment of Fig. 1 confirms by direct measurement conclusions 
derived by argument in paper I, and establishes a simple linearity between 
the amount of rhodopsin still unregenerated and log. threshold for the per- 
ception of a test flash. Yet it is important to bear in mind that this simpli- 
city is the result of restricting the range of our investigations, and that in 
two ways. | 

(a2) Though after strong bleaches the rod branches of adaptation curves 
are always the same shape, so that they may be made to coincide by 
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lateral displacement, this is not the case after weak bleaches. As Winsor & 
Clark (1936), Hecht, Haig & Chase (1937) and many others have pointed 
out, rod curves which appear early return quickly. That complication .is 
here avoided by investigating the consequences only of substantial 
bleaches where rods do not appear early. But this constitutes an important 
limitation of the conditions over which the pigment-—log. threshold relation 
has been established. 

(6) Any attempt to relate threshold during dark-adaptation with the 
regeneration of rhodopsin must face the difficulty that threshold depends 
upon the size and duration of the test flash, whereas regeneration naturally 
does not. If changing the parameters of the flash simply shifted the rod 
branch of the dark-adaptation parallel to the axis of log. threshold, this 
would be no- objection, but in fact the curve changes its shape. 

Craik & Vernon (1941), Crawford (1947), Rushton & Cohen (1954), 
Arden & Weale (1954) and others have found that the extent of dark- 
adaptation recorded—the total change of log. threshold—depends upon | 
the size of test flash used and perhaps somewhat upon its duration. It is 
reasonable to suppose that the integrative properties of the human retina, 
like those of the cat’s (Barlow, FitzHugh & Kuffler, 1957) change during 
dark-adaptation in such a way that space-time precision is exchanged for 
increased absolute sensitivity. This might easily lead to such dependence 
of dark-adaptation curves upon the flash parameters as in fact is observed. 
What, however, is far less obvious is the way in which such neural organi- 
zation can be uniquely determined by the amount of unregenerated opsin 
in the rods, and how the simple relation found between log. threshold and 
pigment is to be reconciled with the complexities of lateral inhibitions and 
summations in | the layers of the retina. 


SUMMARY 


1. Visual pigments were measured in the eye of one incomplete rod 
monochromat by retinal densitometry. No visual pigment was detected 
upon the fovea, but in the periphery rhodopsin was found to be normal 
both as to amount and the rate of regeneration. 

2. The absence of nearly all cones in the periphery permitted the rod 
branch of the dark-adaptation curve to be followed over 6 log. units of 
threshold intensities. The curve coincided with that of the normal subject 
when this appeared below the cone branch (Fig. 1), thus the monochro- 
mat’s curve probably represents the normal rod threshold where this 


- cannot be measured above the cones. 


3. At each stage of dark-adaptation there is a linear relation between | 
log. threshold and the amount of rhodopsin still unregenerated (in the 
particular conditions investigated). 
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4. Measurements of increment thresholds upon various bafkground 
fields at different stages of dark-adaptation show a simple relation. Over 
most of the range the effect of light-adaptation could be imitated by 
placing a suitable neutral filter in front of the eye, thus raising the threshold 
equally for flash and field. 


5. But the luminance of background which saturates remains constant 
at about 1000 td, independent of the state of dark-adaptation. 


It is a pleasure to express my great indebtedness to Drs M. G. F. Fuortes and R. D. Gunkel 
who have modestly refused to allow their names to appear as joint authors of this paper , 
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And I am especially grateful for the unfailing support and en of Dr L. von 
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Mota (1957, 1958) has demonstrated that the concentration of histamine 
in the plasma of rats is increased during anaphylactic shock. He used 
alum-precipitated horse serum or Bordetella (haemophilus) pertussis 
vaccine as adjuvants to aid the development of the supersensitivity. 
Maruno (19586) has shown that the concentration of histamine in the 
whole blood of rats previously injected with horse serum alone is greater 
after challenge with the serum than in control unsensitized animals. The 
objectives of this study were, first, to confirm the release of histamine 
during anaphylactic shock in pertussis-vaccinated rats; secondly, to 
explore the possibility of a simultaneous release of a histamine-destroying 
factor in such rats as has been shown already for rabbits by Rose & Leger 
(1952); and, finally, to determine whether release of histamine and a 
histamine-destroying factor occurred in anaphylactic shock in rats ren- 
dered susceptible to sensitization by adrenalectomy instead of by the use 
of adjuvants. 


‘METHODS 

Healthy white male rats of the Sprague-Dawley strain, weighing 150-250 g, were used in 
all experiments. The intact animals were sensitized by a single intraperitoneal injection of 
25 mg crystalline ovalbumin dissolved in 1 ml. NaCl solution, 0-9 g/ 100 ml. This was com- 
bined in the syringe for injection with 0-5 ml. of a saline suspension of phase-1 Bordetella 
(haemophilus) pertussis vaccine containing approximately 30 x 10° killed pertussis organisms. 
The adrenalectomized rats were sensitized: by the subcutaneous injection of 0-5 ml. of sterile 
horse serum given on four consecutive days without the addition of pertussis vaccine. Rats 
sensitized to ovalbumin were challenged by the intravenous injection of 3-7 mg of the 
crystalline protein dissolved in 0-25-0-8 ml. of 0-9% NaCl solution. One millilitre of the 
undiluted horse serum was used as the qnallonging intravenous injection for the adrenal- 


-ectomized animals. 


Anaesthesia was induced by the inhalation of ether or by intraperitoneal injection of 
pentobarbital sodium 4 mg/100 g body weight. The adrenal glands were removed through a 
single dorsal mid line incision at the level of the kidneys. The glands were approached 
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through small incisions just below the margin of the ribs on each side, care being taken to 
remove each gland without rupture of its capsule. After operation the rats were given 2% 
glucose in 0-9 % NaCl solution to drink. 

In the initial phases of the study blood was withdrawn, before and after shock, by cardiac 
puncture under ether anaesthesia. Later, suspicion was aroused that the trauma associated 
with cardiac puncture was contributing to the variability of the results. Blood was therefore 
subsequently withdrawn, under pentobarbital sodium anaesthesia, through a polyethylene 
catheter placed in the superior vena cava just above the heart by threading it down the 
jugular vein through a small incision in the neck. In the first and largest group of animals 
studied blood was withdrawn by both techniques, In the later tests and all those performed 
on adrenalectomized rats blood was taken via the catheter. 

The concentration of histamine in the blood and plasma was determined by a modification 
of the Barsoum & Gaddum (1935) method (Code & McIntire, 1956) and is expressed in terms 
of the base throughout. When testing for the destruction of histamine by blood, one sample 
of blood was extracted immediately after collection and the remainder was set aside for 
varying periods either at room temperature or at 37-38° C. On some occasions oxygen was 
passed through the vessel containing the plasma or blood for a brief period before incubation. 
In some instances histamine was added to the blood before incubation. Occasionally the 
concentration of histamine in the plasma was determined without extraction by direct 
addition of the diluted plasma to the segment of guinea-pig ileum used in the assay. 


RESULTS | 
Control experiments on intact and adrenalectomized rats 


The mean concentration of histamine in the blood of sensitized but un- 
challenged animals was not significantly different from that of rats which 
had not received sensitizing injections; nor was there any significant 
difference in blood histamine between animals anaesthetized with ether 
and those anaesthetized with sodium pentobarbital. The values obtained 
in the 50 samples of blood withdrawn by both cardiac puncture and venous 
catheterization from the 50 rats under control conditions in the initial 
series were combined and gave a mean histamine concentration of 
0-136 + 0-010 pg/ml. Blood drawn by venous catheterization only, in the 


later series, gave a much lower mean of 0-078 + 0-008 yg histamine/ml. 


Trauma during cardiac puncture was the likely reason for this difference, 
for when blood was drawn by cardiac puncture from four rats, first without 
and then with trauma, the values obtained with trauma were always 
greater. Likewise, when blood was taken by cardiac puncture or by 
venous catheterization from alternate rats of similar age, all samples of 
blood taken by cardiac puncture contained more histamine (0-240 + 
0-034 ug/ml.) than those withdrawn through the catheter (0-078 + 
0-008 yg/ml.). The mean concentration of histamine in the whole blood of 
26 adrenalectomized rats was 0-09 »g/ml., which was not significantly 


different from blood of intact rats, withdrawn by the same technique 
(venous catheterization). | 
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Anaphylactic shock 

The concentration of histamine in the blood of intact rats during ana- 
phylactic shock was always greater than that encountered under control 
conditions (Table 1). During anaphylactic shock the concentration of 
histamine in blood drawn by cardiac puncture from rats under ether 
anaesthesia was significantly less than the concentration in blood obtained 
by venous catheterization from rats under pentothal sodium anaesthesia 
(Table 1), probably because considerably more time was required to with- 
draw the blood by cardiac puncture than via the venous catheter. 


TABLE |. Histamine concentration in whole blood of rats 


during anaphylactic shock 
Mean blood 
Sensitizing Number histamine 
Conditions agent of rats (wg/ml.) 
Intact rats 
Ether anaesthesia (cardiac Ovalbumin 10 0-733 + 0-160 
puncture) 
Pentobarbital anaesthesia (venous Ovalbumin 10 1-950 + 0-193 
catheterization) 
Adrenalectomized rats Horse serum 20 0-680 + 0-082 


Serial withdrawal of blood samples through the catheter allowed deter- 
mination of the sequence of the changes in the concentration of histamine 
in the blood. In the control tests shown in Fig. 1 significant changes did 
not occur in the concentration of histamine in the blood of unsensitized 
rats after challenge by egg albumin or in the concentration of histamine in 
the blood of sensitized rats after challenge by 0-9 °% NaCl solution. How- 
ever, when sensitized rats were challenged with the specific antigen, a 
decisive increase in the concentration of histamine in the blood always 
developed with maximal concentrations usually occurring in samples 
withdrawn from 3—5 min after the challenge (Fig. 1). As is shown in 
Table 1, the concentration of histamine in the whole blood of adrenal- 
ectomized rats during anaphylactic shock (0-680 + 0-082 g/ml.) always 
exceeded the range of values of blood drawn from similar rats: under 
control conditions (0-09 »g/ml.). 


Distribution of histamine in the blood 


Blood was withdrawn by venous catheterization from a group of sensi- 
tized intact rats before and after challenge either with 0-9 %% NaCl solution 
or with the specific antigen. The formed elements of the blood were then 
separated by centrifugation. In the initial tests centrifugation was done 
at room temperature. In later experiments the blood was promptly 


chilled and centrifuged at 0°C. The histamine content of some of the 
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through small incisions just below the margin of the ribs on each side, care being taken to 
remove each gland without rupture of its capsule. After operation the rats were given 2% 
glucose in 0:9% NaCl solution to drink. 

In the initial phases of the study blood was withdrawn, before and after shock, by cardiac 
puncture under ether anaesthesia. Later, suspicion was aroused that the trauma associated 
with cardiac puncture was contributing to the variability of the results. Blood was therefore — 
subsequently withdrawn, under pentobarbital sodium anaesthesia, through a polyethylene 
catheter placed in the superior vena cava just above the heart by threading it down the 

jugular vein through a small incision in the neck. In the first and largest group of animals 
studied blood was withdrawn by both techniques. In the later tests and all those performed 
on adrenalectomized rats blood was taken via the catheter. 

The concentration of histamine in the blood and plasma was determined by a modification 
of the Barsoum & Gaddum (1935) method (Code & McIntire, 1956) and is expressed in terms 
of the base throughout. When testing for the destruction of histamine by blood, one sample 
of blood was extracted immediately after collection and the remainder was set aside for 
varying periods either at room temperature or at 37-38° C. On some occasions oxygen was 
passed through the vessel containing the plasma or blood for a brief period before incubation. 
In some instances histamine was added to the blood before incubation. Occasionally the 
concentration of histamine in the plasma was determined without extraction by direct 
addition of the diluted plasma to the segment of guinea-pig ileum used in the assay. 


RESULTS 
Control experiments on intact and adrenalectomized rats 


The mean concentration of histamine in the blood of sensitized but un- 
challenged animals was not significantly different from that of rats which 
had not received sensitizing injections; nor was there any significant 
difference in blood histamine between animals anaesthetized with ether 
and those anaesthetized with sodium pentobarbital. The values obtained 
in the 50 samples of blood withdrawn by both cardiac puncture and venous 
catheterization from the 50 rats under control conditions in the initial 
series were combined and gave a mean histamine concentration of 
0-136 + 0-010 yg/ml. Blood drawn by venous catheterization only, in the 
later series, gave a much lower mean of 0-078 + 0-008 yg histamine/ml. 
Trauma during cardiac puncture was the likely reason for this difference, 
for when blood was drawn by cardiac puncture from four rats, first without 
and then with trauma, the values obtained with trauma were always 
greater. Likewise, when blood was taken by cardiac puncture or by 
venous catheterization from alternate rats of similar age, all samples of 
blood taken by cardiac puncture contained more histamine (0-240 + 
0-034 wg/ml.) than those withdrawn through the catheter (0-078 + 
0-008 pg/ml.). The mean concentration of histamine in the whole blood of 
26 adrenalectomized rats was 0-09 yg/ml., which was not significantly 


different from blood of intact rats, withdrawn by the same technique 
(venous catheterization). 
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Anaphylactic shock 

The concentration of histamine in the blood of intact rats during ana- 
phylactic shock was always greater than that encountered under control 
conditions (Table 1). During anaphylactic shock the concentration of 
histamine in blood drawn by cardiac puncture from rats under ether 
anaesthesia was significantly less than the concentration in blood obtained 
‘by venous catheterization from rats under pentothal sodium anaesthesia 
(Table 1), probably because considerably more time was required to with- 
draw the blood by cardiac puncture than via the venous catheter. 


TABLE 1. Histamine concentration in whole blood of rats 


during anaphylactic shock 
Mean blood 
Sensitizing _ Number histamine 
Conditions agent of rats” (ug/ml.) 
Intact rats 
Ether anaesthesia (cardiac » Ovalbumin 10 0-733 + 0-160 
puncture) 

Pentobarbital anaesthesia (venous Ovalbumin 10 1-950 + 0-193 
catheterization) 

Adrenalectomized rats Horse serum 20 0-680 + 0-082 


Serial withdrawal of blood samples through the catheter allowed deter- 
mination of the sequence of the changes in the concentration of histamine 
in the blood. In the control tests shown in Fig. 1 significant changes did 
not occur in the concentration of histamine in the blood of unsensitized 
rats after challenge by egg albumin or in the concentration of histamine in 
the blood of sensitized rats after challenge by 0-9°/, NaCl solution. How- 
ever, when sensitized rats were’challenged with the specific antigen, a 
decisive increase in the concentration of histamine in the blood always 
developed with maximal concentrations usually occurring in samples 
withdrawn from 3—5 min after the challenge (Fig. 1). As is shown in 
Table 1, the concentration of histamine in the whole blood of adrenal- 
ectomized rats during anaphylactic shock (0-680 + 0-082 ug/ml.) always 
exceeded the range of values of blood drawn from similar rats under 
control conditions (0-09 »g/ml.). 


Distribution of histamine in the blood 


Blood was withdrawn by venous catheterization from a group of sensi- 
tized intact rats before and after challenge either with 0-9 % NaCl solution 
or with the specific antigen. The formed elements of the blood were then 
separated by centrifugation. In the initial tests centrifugation was done 
at room temperature. In later experiments the blood was promptly 


chilled and centrifuged at 0° C. The histamine content of some of the 
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plasma was tested immediately by adding it directly to the guinea-pig 
ileum. Usually considerable dilution was required for satisfactory assay. 
The remainder was subjected to chemical extraction and later assayed for 
histamine. Small quantities of free histamine, usually < 0-05 yg/ml., were 
identified regularly in the unextracted plasma of the control rats given 
0-9°% NaCl solution and somewhat smaller quantities were identified in 
extracts of such plasma (Table 2). Plasma from blood which had been 
promptly chilled and centrifuged at 0° C. after its withdrawal from animals 
in anaphylactic shock always contained a high concentration of histamine 
activity. The mean concentration in the plasma of seven rats was 2-36 pg/ 
ml. by direct assay and 1-92 ug/ml. after extraction. Since only small 


3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Minutes after challenge 


Fig. 1. The concentration of histamine in the blood of sensitized and unsensitised 
rats after challenge by intravenous injection of a solution of antigen or of 0-9% 
NaCl solution; blood withdrawn by venous catheter. —— Sensitized, saline- 
challenged; —-~— unsensitized, ti hallenged; --- sensitized, antigen- 


challenged. Vertical bars show 2 x 8.E. ‘of mean. 


quantities of plasma were available for extraction, some of the difference 
may be due to losses sustained during the manipulations involved in the 
process of chemical extraction. 

The distribution of histamine between the plasma and the formed 
elements was determined in pooled samples of blood drawn under control 
conditions and during anaphylactic shock. In eight such control collections 
the mean distribution of the histamine in the blood was 13°% in plasma, 
66 % in the white cell layer and 21 % in the red cells. Losses of histamine 
during the separation were usually less than 20°. When similar collections 
of blood from rats in anaphylactic shock were tested, losses of 30-60% 
occurred and the plasma, instead of being rich in histamine, often contained 
no more than samples taken under control conditions. Since such losses 
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could not be ascribed to the procedures of separation or extraction, sus- 
picion was aroused that an actual destruction of histamine was occurring. 


Release of a histamine-destroying factor during anaphylactic shock 
Blood drawn from animals in anaphylactic shock and allowed to stand 
undisturbed for 3 hr at room temperature consistently showed a significant 
(41 %) loss of histamine (Table 3). Control samples drawn from unshocked 
rats showed little or no destruction of histamine, even when sufficient 
histamine was added to bring the concentration within the range of that 
found in the blood in rats during anaphylactic shock (Table 3). Incubating 
the blood at 37° C increased the destruction of histamine to 54°% in 1-5 hr 


TABLE 2. Histamine concentration in plasma of sensitized intact rats 


Mean plasma histamine 
(ug/mal.) 
Number Assay after Difference 
Conditions of rats Direct assay extraction ey” 
0-9 % NaCl injected 6 0-046 + 0-004 0-032 + 0-003 30 
Albumin injected 7 2-360 + 0-175 1-916+ 0-183 


TaBLE 3. Change in histamine content of blood of rats during incubation 
Histamine Change in 


Incubation of blood added to histamine 
A blood before content after 

Number Condition of Temperature incubation incubation 
of tests animal (° Hours (»g/mal.) (%) 
4 Unsensitized R 3 2 + 7 
4 Sensitized R 3 2 — 9 
5 Shocked R 3 Nil — 4] 
7 Unsensitized _ 37 1-5 2 — § 
4 Sensitized 37 1-5 2 — 3 
9 Shocked 37 1-5 Nil — 54 


R = room temperature. 


in the blood from animals in anaphylactic shock, but did not increase the 
tiny quantities disappearing from blood drawn under control conditions. 
When the plasma of blood from rats in anaphylactic shock was separated 
and then incubated, the histamine in it was also quickly destroyed, indi- 
cating that part or all of the histamine-destroying factor found in the 
whole blood was present in the plasma fraction. 

The results showed that during anaphylaxis in the rat a factor was 
released which destroyed the histamine liberated during the reaction. The 
question arose whether histamine added to the blood in vitro would be 
destroyed as effectively. To answer the question blood was drawn from a 
series of rats in anaphylactic shock and pooled. Samples for histamine 
determination were taken immediately and the remainder was incubated 
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at 37° C. for 1-5-3 hr, when further samples were withdrawn for histamine 
determination. Histamine was then added to the already incubated blood 


in amounts estimated to bring the concentration to approximately 


2-3 wg/ml. and the blood was re-incubated for 1-5-3 hr. The results, which 
are given in Table 4, demonstrated clearly that the histamine-destroying 
factor in the blood was equally effective in the destruction of histamine 
added in vitro as it had been in destroying the histamine produced in vivo 
during the anaphylactic shock. 


TaBE 4. Destruction of histamine in blood drawn from rats in anaphylactic shock 
Before addition After addition of histamine* 


of histamine 
A ~, Destroyed after 
Blood Destroyed Blood reincubation (%) 


histamine after histamine - 
Number before incu- before Without With 
Pool of incubation bationt reincubation amino- amino- 
number rats (sg /mal.) (%) (pg/ml.) guanidine guanidine 
1 0-83 82. 1-88 68 — 
2 2 1-60 87 1-92 82 Nil 
3 4 1-65 -- 3°45 50 4 
4 2 2-92 44 
5 1 3°30 10 
6 2 1-25 20 3-00 11 Nil 
7 3 1-35 78 68 Nil 


* Histamine was added to the blood after incubation. 
¢t Incubation at 37° C for 1-5-3 hr. 
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Hours incubation at 37° C 
Fig. 2. Destruction in vitro of histamine in blood from rats in anaphylactic shock 
(see text). +, Shock blood+histamine; @, aminoguanidine added; x, shock 
blood + control blood (1:1)+histamine; ©, shock blood+Tyrode soln. (1:1)+ 
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_ Estimates were made next of the rate at which histamine was destroyed 
in blood drawn from rats in anaphylactic shock. Blood was taken from 
four rats in anaphylactic shock and pooled. Histamine was added in 
quantities calculated to bring the total concentration in the pool to between 
3 and 3-5 yg/ml. After withdrawal of control samples, the pooled blood 
was incubated and samples were withdrawn at 1, 14, and 2 hr. As is shown 
in Fig. 2A, destruction proceeded in a linear fashion during this period. 

Since little or no destruction had occurred in the blood drawn from — 
animals under control conditions, the prospect arose that the blood of 
healthy rats contained a factor which inhibited the histamine-destroying 
system. To test this possibility another pooled sample of blood from rats in 
anaphylactic shock was collected and to one portion of it blood from intact 
control rats was added, and to another an equal portion of Tyrode solution. 
The rate of destruction in the two portions of blood was almost identical 
(Fig. 2B). Thus, blood drawn from healthy rats does not contain an 
inhibitor of the histamine-destroying factor. 

Destruction of histamine was usually demonstrable in blood drawn 
from adrenalectomized rats during anaphylactic shock, but the amounts 
destroyed during 1-5 hr incubation were generally less than those destroyed 
in blood from intact rats in anaphylactic shock. For example, in 17 
samples of anaphylactic blood from adrenalectomized animals the mean 
destruction was 32°, whereas in similar tests on blood from intact rats 
in anaphylactic shock it was 48 %. | 

The addition of sufficient aminoguanidine to the blood from animals in 
anaphylactic shock to produce a concentration of 0-4-0-5 ug/ml. of blood 
always completely prevented the destruction of histamine (Table 4; 
Fig. 2A). Since aminoguanidine is known to be an inhibitor of diamine 
oxidase (Zeller, 1938; Schuler, 1952) our results suggest that this enzyme 
is responsible for the histaminolytic power of anaphylactic blood. 


DISCUSSION 


The mean concentration of histamine in the whole blood of intact male 
rats which we studied first was 0-136 »g/ml. when blood was withdrawn by 
both cardiac puncture and venous catheter. This value is greater than the 
0-035 ug/ml. found by Rose (1938) in male rats but less than the 0-63ug/ml. 
reported by Maruno (1958a). In our later series, when blood was taken by 
venous catheter, a mean value of 0-078 pg/ml. was obtained. This is closer 
to the values of Rose, who took blood from the inferior vena cava without 
entering the thorax. Maruno obtained his samples by cardiac puncture. 
‘ The differences in concentration therefore may be ascribed to differences 
in technique. | 

The Sieciae concentrations of 0-032 and 0-028 ug/ml. of unchallenged 
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rats found by us were less than the 0-186 ug/ml. reported in intact rats by 
Emmelin (1945; cardiac puncture) but comparable to the 0-035 pg/ml. 
reported by Halpern & Briot (1954; blood from retro-orbital plexus). 
Once again it seems most likely that the differences were due to differences 
in the technique employed for obtaining the blood. 

Mota (1957, 1958) found that plasma from rats in anaphylactic shock 
contained increased quantities of histamine activity. He tested the plasma 
for histamine activity by direct addition to an isolated segment of guinea- 


pig ileum. Our results confirm his findings. The fact that the active 


substance survived the chemical extraction employed in this study supports 
the contention that it is histamine. 

The exact role of histamine in the production of the symptoms of ana- 
phylactic shock in rats is not clear. Mota has found, for example, that rats 
in which the stores of histamine had been depleted by 48/80 show minimal 
anaphylactic reactions. Sanyal & West (19585), on the other hand, ob- 
served that rats in which the histamine stores were depleted by poly- 
myxin B or by whole-body X-ray irradiation showed severe grades of 
anaphylaxis. The difference may have been associated with the mode of 
sensitization, for alum-precipitated protein was used as an adjuvant by 
Mota and B. pertussis by Sanyal & West. In addition, depletion of hist- 
amine stores is not likely to be the only effect of the agents. 

The exact source of the histamine liberated during anaphylactic shock 


in rats is not known, but the possible sites of origin have been considerably 


restricted by the recent experiments of Brocklehurst (1960). In his tests 
the addition of antigen to the fluid perfusing lung, liver, or hind quarters 
of sensitized rats did not lead to the appearance of histamine in the 


perfusate. Since Brocklehurst obtained positive results in similar tests of — 


tissues from other species it may be concluded that the lungs, the liver 
and hind quarters were not the source of the histamine detected in the 
blood in our study. The small bowel seems the most likely alternative, 


particularly since this region shows such a striking vascular change during — 


anaphylaxis. The results of Sanyal & West (1958a) support such a possi- 
bility. They noted a diminution in the concentration of histamine in the 
jejunum of rats during anaphylactic shock, although, as they pointed out, 
this may have been due to dilution owing to oedema. 

Maruno (19585) has studied rats given repeated injections of horse serum 
without an adjuvant. In accord with the variable and minimal reactions 
associated with subsequent challenge with antigen, he obtained variable 
and minimal changes in the histamine content of the blood. In some of his 
animals the histamine and histaminase content of some tissues declined 
after challenge. It is difficult to correlate these results with those obtained 
in animals showing the severe reactions produced with the aid of adjuvants. 
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Rose & Leger (1952) found an increase in the histaminolytic power of 
the serum of rabbits during anaphylactic shock. Our observations in rats 
are similar. In neither species has the source of the destroying factor been 
determined. 

In general, the degree of anaphylactic shock, the concentration of 
histamine, and the histamine-destroying power of the blood were less in 
rats sensitized after adrenalectomy than in rats sensitized with the aid of 
Bordetella (haemophilus) pertussis vaccine. The differences may have been 
due to differences in the degree of sensitization or to differences in amount 
of histamine or histaminase in the tissues after adrenalectomy (Karady, 
Rose & Browne, 1940; Rose & Browne, 1941; Valette & Huidobro, 1957; 
Hicks & West, 1958; Bartlet & Lockett, 1959). 


SUMMARY 


1. The concentration of histamine in the blood has been estimated 
under control conditions and during anaphylactic shock in male white 
rats rendered susceptible to sensitization by the injection of Bordetella 
(haemophilus) pertussis vaccine and by adrenalectomy. 

2. During control studies significant differences in blood histamine were 
not found between rats anaesthetized with ether and those anaesthetized 
with pentobarbital sodium; nor were there significant differences in the 
blood of sensitized and unsensitized animals or of intact and adrenal- 
ectomized rats. However, blood drawn by cardiac puncture consistently 
contained more histamine than blood drawn by venous catheterization. 

3. The concentration of histamine in the blood of intact and adrenal- 
ectomized animals always increased during anaphylactic shock. During 
shock free histamine was uniformly detectable in the plasma. 

4. During anaphylactic shock in intact and in adrenalectomized rats a 
histamine-destroying factor, tentatively identified as diamine oxidase 
(histaminase), was found in the blood. 


This investigation was supported in part by a grant from the Louis W. and Maud Hill 
Family Foundation, St Paul, Minnesota, U.S.A. , 
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INCREASE IN ANTIHAEMOPHILIC GLOBULIN ACTIVITY 
FOLLOWING INFUSION OF ADRENALINE 


By G. I. C. INGRAM 


From the Louis Jenner Laboratory, St Thomas’s Hospital and 
Medical School, London, S.E. 1 


(Received 23 September 1960) 


Christie, Graham-Stewart & Ingram (1960) described an abdomino- 
perineal excision of the rectum in a haemophilic of moderate severity who 
received animal antihaemophilic globulin (AHG) to cover the operation 
and post-operative period. Responses to this material were measured by 
assaying the AHG activity in the patient’s plasma before and after each 
dose ; and on two occasions the responses were strikingly high. These peaks 
corresponded to episodes of acute haemorrhage requiring immediate blood 
transfusion; and there was also an intermediate peak coinciding with a 
lesser haemorrhage insufficient to necessitate transfusion. 

It was not clear whether the high responses correlated with the severity 
of the bleeding or with blood transfusion; but in another haemophilic 
an unexpectedly high AHG level was associated with haematemesis 
while the patient was under observation only. It seemed therefore that 
haemorrhage was the correlated factor; and. in considering a possible 
mechanism, the extensive previous work on the acceleration of blood 
coagulation after the administration of adrenaline was recalled: this was 
reviewed by Forwell (1955), and the problem was re-examined by Forwell 
& Ingram (1957), who thought at that time that the effect depended on an 
increase in the activity of Factor V. 

A possible explanation of the observations in the haemophilics was that 
haemorrhage had led to a release of adrenaline (Greever & Watts, 1959), 
_ and that this had in turn brought about an increase in the activity of AHG 
in the patients’ plasmas. Forwell & Ingram (1957) had not examined 
AHG in their experimental subjects who had received adrenaline ; it there- 
fore seemed of interest to extend the earlier work to include AHG. The 
results of these experiments are now presented. 


METHODS 
The healthy experimental volunteers taking part in the present investigation were senior 
male medical students. The haemophilic subjects were adult patients, also of course, males, 
and in good health apart from their haemophilia. Neither they nor the healthy subjects 
were fasted before testing. 
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The adrenaline, noradrenaline and isopropylnoradrenaline used were the ordinary 
pharmacopoeial preparations, and were administered by intravenous infusion for periods of 
10 min (in some early cases, 15 min) at a rate of 10-16 x 10~* g/min for adrenaline and for 
noradrenaline (in one instance 20x 10-* g/min) and 2—4.x 10-* g/min for isopropylnor- 
adrenaline, Several days elapsed between successive infusions on any one subject. 

The general plan of the experiments was to obtain blood samples by venepuncture before 
and after each infusion, and to compare the post-infusion sample with that taken before- 
hand. Thus in the AHG assays the post-infusion sample was assayed against the corre- 
sponding pre-infusion sample in each case. 

During the infusions frequent readings of pulse rate and sometimes of systolic blood 
pressure were taken by clinical methods. 

AHG assays on citrated plasma followed the method of Biggs (1957) using ‘undiluted’ 
haemophilic plasma, with the minor modifications given by Christie et al. (1960), except that 
each plasma was tested at three instead of two dilutions (the lowest dilution of test plasma 
in haemophilic plasma was at least 1 in 10, with step intervals thereafter usually 1 in 3; the 
actual dilutions depended on the sensitivity of the system on the day of the experiment). 

Fibrinogen concentration was determined by a clot-weight method (Ingram, 1952). 

Fibrinolytic activity was measured on the lines suggested by Wilhelm, Miles & Mackay 
(1955), observing serial thrombin clotting times on incubated plasma (Ingram, Norris & 
Tanner, 1960). A few observations were also made by Bidwell's (1953) method and were 
generally in agreement. 

Blood glucose concentration was determined by Middleton & Griffiths’ (1957) method. 


RESULTS 
AHG responses 


Table 1 gives the response of each subject to each drug, as a iaichane 
of the pre-infusion potency. Adrenaline is seen to have produced increases 
in normal subjects and in mild haemophilics, but not in severe haemo-_ 
philics. The other drugs produced insignificant effects. 

There was no obvious relation between the AHG responses and either 
the circulatory changes or the subjective effects associated with the three 
drugs. In both respects adrenaline and isopropylnoradrenaline are rather 
similar and differ from noradrenaline, yet in their AHG responses noradrenal- 
ine and isopropylnoradrenaline were associated and adrenaline was 
distinct. 

It was thought that the AHG response might be associated ‘with the 
change in blood glucose concentration; but this relationship was compli- 
cated by an inverse correlation between the pre-infusion blood glucose 
concentration and its proportionate increase after infusion: thus, when 
post-infusion glucose concentration was expressed as a percentage of the 
pre-infusion value, the correlation coefficients between this percentage and 
the pre-infusion concentrations were: 


for adrenaline, on 12 pairs, r = —0-766: P < 0-01; 
for noradrenaline, on 6 pairs r = — 0-242: (n.s.); 


for isopropylnoradrenaline, on 8 pairs, r = — 0-556: (n.s.); 
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and the pooled value for all three drugs was r = —0-541 on 22 pairs: 
P < 0-01. Multiple correlation coefficients were therefore calculated for 
AHG response against glucose response for constant initial glucose con- 
centration for each drug separately and for pooled values, taking the post- 
infusion glucose concentration both as a percentage of the pre-infusion 


| TaBie 1, AHG response of each subject to each drug 
(i) Normal subjects: responses expressed as percentage potency of pre-infusion samples. 


Subject Adrenaline Noradrenaline Isopropyl] d li 
WIL 223 94 60 
CHE 208 89 92 
FEN 208 210 61 
LIM 198 106 
HAR 190 111 140 
ING 174 93 175 
PEP 155 lll 92 
HAL 135 76 
SNA 87 78 106 
PHI 225 
PRO 215 
PAW 163 ~~ 
BAT 135 
Mean 176 110 116 


Analysis of variance of the results from the subjects receiving all three drugs did not 
disclose systematic differences between subjects (VR = 1-06 on 8, 16, d.f.; P > 0-2), so 
that the responses from four additional subjects receiving adrenaline only are included in 
the mean value for that drug. The mean adrenaline response differs significantly from 100% 
but the mean responses to the other two drugs do not (s.z. of mean xt, = 39, for P = 0-05). 


(ii) Haemophilic subjects: responses expressed: as percentage potency of fresh plasma 


samples pooled from four normal subjects. 
Subject — Before adrenaline After adrenaline 


“Cal 17 ll 
Bat 14 40 
Arm 12 120 
Tin 10 27 
But 15 
Fre 4-1 5-3 
Wya 0-9 0-9 
Sta.S. 0 Trace 
Geo.S 0 0 
Mou 0 0 


Subject Bat was retested with adrenaline on another occasion, and his AHG activity rose 
from 13 to 35% of the activity of the pooled normal plasma; however, when tested again 
with isoprenaline, the pre- and post-infusion values were 13 and 15% respectively. This 
accords with the findings in normal subjects, swpra. 


value and also in absolute units; none was significant. (The mean initial 
and final blood glucose concentrations for the groups tested with the three 
drugs were: adrenaline, 65 and 90mg/ml.; noradrenaline, 68 and 
65 mg/100 ml.; and isopropylnoradrenaline, 57 and 80 mg/100 ml. The 
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relative effects of the three drugs are in line with previous work: cf. 
Cobbold, Ginsburg & Paton, 1960. These calculations were made on the 
data from normal subjects only.) 


Possible artifacts 


A possible explanation of the AHG response might be that it was 
spuriously produced by the presence of something in the post-infusion 
blood samples which accelerated the thromboplastin generation reactions 
on which the AHG assay is based. Inspection of the assays themselves did 
not support this idea, because there appeared to be no greater discrep- 
ancies in parallelism between the dose-response curves of the pre- and 
post-infusion samples than between patients’ and control curves of clinical 
assays over the same period of time; thus it would be necessary to postu- _ 
late that the dose-response curve of the hypothetical accelerator had a 
slope indistinguishable from that of AHG itself. Nevertheless, this possi- 
bility was investigated along two lines. 

Direct effects of adrenaline or lactate (see Discussion, p. 223) on the 
assay system were also investigated in vitro, on the lines followed by 
Forwell & Ingram (1957). 

Fibrinolytic activity. It is known that low concentrations of thrombin 
will accelerate the generation of blood thromboplastin (Biggs & Mac- 

farlane, 1957, Figs. 14, 25). Now thrombin appears to be a proteolytic 
- enzyme (Lorand, 1954), so that critical concentrations of fibrinolysin might 
have a similar action. Adrenaline administration has been found to pro- 
mote fibrinolysis (Biggs, Macfarlane & Pilling, 1947; Kwaan, Lo & 
McFadzean, 1959), and it was therefore possible that, in the present experi- 
ments, the AHG response might be no more than an indirect result of 
fibrinolytic activity. The following attempts were therefore made to show 
_@ correlation between these two variables:. 

1, In six infusions on four subjects (two with each drug) the correlation 
was tested between the AHG response and the ratio between pre- and 
post-infusion fibrinogen concentrations in the subject’s plasmas: r = 
+ 0-57, implying that both AHG and fibrinogen concentration tended to 
rise together. Clearly this does not support the hypothesis, for had the 
AHG response been linked with fibrinogenolysis in vivo, the change in 
fibrinogen concentration should have been negatively correlated with 
change in AHG activity. 

2. In seven infusions in three subjects (two adrenaline, three noradrena- 
line and two isopropylnoradrenaline) the correlation was tested between 
the AHG response and the ratio (post-infusion : pre-infusion) of the slopes 
of the regressions of thrombin time on incubation time in the incubated 
plasma test: r = —0-19, implying virtually no correlation; again this does’ 
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not suggest any association between the AHG response and fibrinolytic 
activity. | 

3. It was thought that such fibrinolytic activity as had been postulated 
should lead to a change in assay results if the plasmas were incubated for a 
period before being assayed. In one subject, infused with adrenaline, the 
pre- and post-infusion plasma samples were immediately divided into two 
parts. One portion of each was used for AHG assay in the usual way, and 
the other portions were incubated at 37°C for 30 min and then assayed. 
A further blood sample was obtained from this subject 23 hr after the 
infusion and treated in the same way. Taking the un-incubated initial 
sample as 100% activity, the two subsequent unincubated samples gave 
values of 225 and 175° AHG, while the three incubated samples yielded 
values of 115, 210 and 187 % respectively. The paired results (i.e. those of 
the corresponding incubated and un-incubated samples) were thought to be 
in good agreement in each case, so that there was no evidence that incuba- 
tion had affected the assay value. This result also appeared to be against 
the proteolytic hypothesis. 

A hypothetical substance potentiating AHG. The possibility was also con- 
sidered that the administration of adrenaline might have led to the 
liberation of some substance quite unconnected with AHG which might 
nevertheless have had the property of potentiating the specific activity of 
AHG in the thromboplastin generation system. Evidence for such a sub- 
stance was sought in severe haemophilics, whose blood had been shown not 
to acquire AHG activity after adrenaline infusion (‘Table 1, ii). 


TaBLxE 2; Adrenaline infusion following the administration of 
normal plasma to a severe haemophilic (subject Mou) 


AHG activity as % of pooled normal plasma 


Immeédiately Before After 
Expt. after plasma adrenaline adrenaline 
1 18 23 21 
2 32 33 29 


The haemophilic subject, Mou., received an infusion of approx. Li ot: 


fresh, normal citrated plasma. At the end of the infusion his plasma was 
assayed against a pool of four normal plasmas; about 2 hr was allowed to 
elapse and he then received an infusion of adrenaline, his plasma being 
again assayed, both before and after this infusion, against the same pooled 
normal plasma. This experiment was carried out on two occasions, and’the 
results (Table 2) show that the adrenaline infusion had little effect on the 
AHG activity in his plasma. 

The haemophilic subject, Geo. 8., received an infusion of adrenaline. 
Dilutions of plasma from an untreated normal subject were then made in 
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the pre- and post-infusion samples of his plasmas, and the latter assayed 
against the former. In this way it was thought that it would be possible to 
detect in vitro a potentiation of the normal plasma by the infusion of 
adrenaline into the haemophilic subject. In fact no potentiation was 
observed, the second series of dilutions assaying at 107 % against the first. 

Effects of adrenaline and lactate in vitro. A specimen of normal citrated 
blood was divided into four parts and to each was added 1/10th volume 
of diluent, containing respectively 0, 10-5, 10-* and 10~’ g adrenaline per 
litre. The samples were incubated at 37° C for $ hr and then assayed for 
AHG (having been handled up to this point in silicone-coated tubes). 
Taking the activity of the first sample as 100%, the subsequent samples 
yielded potency ratios of 95, 124 and 87% respectively. This suggested 
that the transitory presence of adrenaline in the blood, at concentrations 
of 10-8-10- g/l., had no detectable effect on a subsequent AHG assay, and 
was in line with previous findings (Forwell & Ingram, 1957). 

Two similar experiments were carried out in which lactic acid was added 
to normal blood samples so as to cover the range of lactate concentrations 
from 10 to 40 mg/100 ml.; again, there was no consistent effect. 


DISCUSSION 


In Forwell & Ingram’s (1957) previous work the infinsiens of adrenaline 
was found to shorten the whole-blood clotting times in silicone-coated 
tubes by about 20 % (as compared with 3 % for inert infusions). In seeking 
to account for this effect the authors demonstrated a moderate increase in 
Factor V activity (to about 125% of pre-infusion levels). The present 
evidence of an increase in AHG activity (to about 175 % of the pre-infusion 
level) seems to offer a more reasonable explanation for the shortening of — 
the clotting time, but perhaps both effects contribute. It appears that 
AHG enters the clotting sequence at an earlier stage than Factor V 
(Bergsagel & Hougie, 1956), and this is an additional reason for thinking 
that an increase in AHG activity accounts more satisfactorily for the 
hypercoagulability produced by adrenaline; for the earlier stages of 
clotting are more time-consuming than the later (Biggs, 1955), and thus, 
if accelerated, offer a greater scope for shortening the whole clotting time. 

On the other hand the present work by no means excludes the possibility 
that the AHG response is artifactual. A good test for the reality of the 
increase in AHG activity would be to show that plasma from adrenaline- 
treated donors was more effective in arresting haemophilic bleeding than 
an equal quantity from untreated donors, This test would, however, 
involve the clinical assessment of materials whose relative potency would 
not be expected to differ by more than a factor of 2. 

It is interesting that there appear to be appreciable differences in the 
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normal AHG levels among different races of man, and that in tested groups 
of both Bantu (Merskey, Gordon & Lackner, 1960) and Australian 
aborigines (Pitney & Elliott, 1960), the mean AHG level was very close to 
the mean increase here reported in Europeans after adrenaline infusions. 
Pitney & Elliott (1960) also found a similar mean level in 22 white 
Australians with hyperglobulinaemia. The relationship between these 
findings is obscure, but it would perhaps be worth assaying plasma AH 
under a wider range of circumstances. | 

The pattern of the AHG response to the three drugs here tested is similar 
to their effect on blood lactate, which rises after adrenaline (Barcroft & 
Cobbold, 1956) but not after noradrenaline or isopropylnoradrenaline 
(Bearn, Billing & Sherlock, 1957; Cobbold e¢ al. 1960). 


SUMMARY 


1. The intravenous infusion of adrenaline raised the potency of anti- 
haemophilic globulin in the plasma of normal subjects and of mildly, but 
not severely, affected haemophilics. Noradrenaline and isopropylnor- 
adrenaline did not have this effect. 

2. The occurrence of this effect was not associated with the clinically 
observable circulatory effects of the three drugs, nor with their effect on 
blood. glucose concentration, but it followed the same pattern as their 
known effect on blood lactate. 

3. Attempts to explain the rise in AHG activity on the basis of artifacts 
produced by fibrinolytic activity or a non-AHG potentiator were un- 
successful. 


I wish to thank Dr R. R. McSwiney for performing the blood glucose determinations, 
and Mrs M. O. Matchett, F.I.M.L.T., for the AHG assays. I am also most grateful to Pro- 
fessor H. Barcroft, F.R.S. for his interest and advice and to the experimental subjects for 


. allowing me to carry out the infusions. 
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THE SEPARATION OF THE SMOOTH-MUSCLE STIMULANTS 
IN MENSTRUAL FLUID 


By H. J. CLITHEROE*} ann V. R. PICKLES* 


From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 


(Received 23 September 1960) 


A group of lipoid stimulants of smooth muscle is found in human 
menstrual fluid. They are thought to be formed in the endometrium and to 
be released during menstruation, when they pass into the menstrual fluid, 
into the circulating blood and perhaps also by diffusion to the adjacent 
layers of myometrium. By either or both of the latter routes they are 
thought to stimulate the menstrual contractions of the myometrium 
(Pickles, 1957, 19596). Their presence in the circulating blood during 
menstruation (Pickles, 1959a) may also affect smooth muscle elsewhere, 
for example in the gastro-intestinal tract (McCance & Pickles, 1960). 

In a previous account (Chambers & Pickles, 1958) some evidence was 
given that the menstrual fluid contained at least two stimulant lipids, 
which could be partially separated by chromatography. We now know 
that the extracts contain at least three such substances, which can be 
clearly separated from each other. Until they are identified chemically 
these are referred to as components A, B and C, in decreasing order of 
polarity. In addition, some extracts contain a fourth stimulant; but this 
is an artifact, and has been shown to be formed by the hydrolysis of a con- 
stituent of the absorbent material on which the menstrual fluid is collected. 
This paper describes the methods of separating these stimulants from one 
another and from the non-stimulant substances in the extracts. . 


METHODS 


Menstrual fluid extracts. Most of the subjects were students at a residential college and 
were known to be in normal health. About 1200 ‘specimens’ of menstrual dressings were 
collected in polythene vessels each containing 30 ml. of A.R. acetone and bearing a label on 
which the donor recorded particulars of date, time and also the type of absorbent material 
used. The latter were of séveral kinds, and included some which were specially prepared by 
the manufacturers free from the compound from which the ‘artifact’, ricinoleic acid, 
originated (p. 230). Menstrual fluid was also collected by one subject on absorbent material 
which had been previously washed with water, acetone, ether and petroleum ether. 


* On leave from the Department of Physiology, University of Sheffield (present address). 
+ Allen and Hanburys Research Student. 
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The specimens were brought to the laboratory daily and extracted with 3 x 10 ml. acetone 
each, in batches of 6-20, either immediately or after storage for not more than a few days at 
—20° C, After evaporation of the acetone under reduced pressure in a rotary evaporator, 
the lipids were dissolved in diethyl ether of anaesthetic grade, or more often in dichloro- 
methane, in order to include all of the most polar component, A. The solution was filtered 


and the solvent evaporated off, leaving a residue referred to as the ‘crude lipid extract’. 


Several extracts were similarly made of secretory endometrial curettings, which were taken 
directly from the uteri into dry glass containers, brought immediately to — 20° C, and kept 
at that temperature until extracted. All extracts were stored at — 20° C. 

It had previously been found (Pickles, 19596) that no appreciable quantities of histamine, 
acetylcholine or 5-hydroxytryptamine, added to the initial acetone extract, passed into the 
crude lipid extract (then made with ether). A similar experiment showed that this was still 
true for histamine and 5-hydroxytryptamine when dichloromethane was used instead of 
ether, but that a small amount of acetylcholine could pass into the crude extract. Ina 
further experiment 10 mg of acetylcholine was put along with 120 mg of crude lipid extract 
on a silica column, and fractionally eluted as described below. Tests with a sensitive 
non-atropinized guinea-pig terminal ileum preparation failed to show the presence of 
acetylcholine in any of the fractions eluted from the column with lipid solvents; but 
acetylcholine was recovered later in an additional fraction eluted by means of water. 
Although it was probably an unnecessary precaution, 2-5 x 10-* g of atropine, mepyramine 
and bromolysergic acid per millilitre were nevertheless added to the bath solution in most 
ef the tests on uterine muscle described below. 


Fractionation of the extracts 

Partition between heptane and aqueous methanol. The crude lipid extracts were dissolved in 
heptane, 1 ml./10 mg extract, and shaken successively with 3 x 1 vol. of 80% methanol in 
water. The residues after evaporation of the solvents are called the ‘heptane’ and ‘aqueous- 
methanol’ fractions. This method was commonly used in the processing of large batches 
(> 250 mg) of crude extract, in order to avoid overloading the silica-gel column during the 
separation of components A and B (below). 

Fractional elution from silica gel. Columns were sci by packing a slurry of dry 
silica gel (grade ‘for chromatographic absorption’, British Drug Houses, Ltd) in petroleum 
ether (b.p. 60-80° C), into a tube 2-0 cm diameter to a height of 10 cm. Crude lipid extracts 
or aqueous-methanol fractions were put on the columns and eluted successively with 200 ml. 
each of the following solvents: a, petroleum ether (b.p. 60—80° C); b, 30% diethyl ether in 
petroleum ether; c, diethyl ether; d, 74% methanol in ether; e, 30% methanol in ether; 
f, 60% methanol in ether. The principal chromatographic fractions are always referred to in 
this paper by the above letters. Since aqueous-methanol fractions were largely insoluble in 
petroleum ether, they were commonly applied in solvent 6 and elution was begun with this 
solvent. Amounts of lipid in excess of 250 mg overloaded the column and sometimes gave 
anomalous results. For chromatography of less than 25 mg of lipid, smaller columns 
1-3. cm diameter and 10 cm height were used, eluted with 100 ml. of. each solvent mixture. 
Such columns were particularly used for the further chromatography of acidic lipids 
prepared as described below. 

Extraction of acidic lipids by NaHCO,. This method was particularly useful for chromato- 
graphic fractions b and e obtained as described in the preceding section. The residues of the 
eluted lipids of fraction b were dissolved in heptane or in ether (1 ml./10 mg lipid) and shaken 
successively with 3 x 1 vol. of NaHCO, solution 2-6 g/100 ml. The combined aqueous phases 
were filtered and brought to about pH 4 with H,SO,, and shaken successively with 2 x 1 vol. 
of the organic solvent, which was then evaporated off leaving a residue of acidic lipids. In 
experiments in which the chromatographic fraction 6 had been prepared from crude lipid 
extract not submitted to heptane-methanol partition, the ‘non-acidic’ residue left in the 


ba. - 
4a 
4 
4 
) 
i 
thes 
7 
$ 
2 
‘ 
Bt 
> 
| 
i 
4 
q 
ii 4 
: 


SHPARATION OF MENSTRUAL MUSCLE STIMULANTS 227 


heptane or ether after shaking with NaHCO, was used as one source of component C (see 


‘Chromatography on partially hydrated alumina’, below). As the acids in fraction e were 
sparingly soluble in ether, dichloromethane was used instead of ether in processing this 
fraction. 

Partition chromatography on kieselguhr. Indicator columns of ‘ Hyfio Supercel’ kieseiguhr 
(Johns, Manville and Co.) were prepared as follows: Petroleum ether 250 ml. was shaken 
with methanol 85 ml. and water 15 ml. and the layers were allowed to separate. Bromo- 
cresol green 3 mg was dissolved in 20 ml. of the lower (aqueous methanolic) phase; 1 drop of 
conc. ammonia solution was added to another 20 ml. of this phase; the latter solution was 
then added drop by drop to the former until the indicator just turned green-blue. To 20 g 
Hyflo Supercel suspended in 200 ml. of the upper phase was added 6-8 ml. of the indicator 
solution, and the mixture was shaken vigorously until free from lumps. The mixture was 
run into the column and the kieselguhr was packed by air pressure from above. The lipids 
were added and eluted by petroleum ether or mixtures of it with diethyl ether. 

Chromatography on partially hydrated alumina, Alumina (Woelm neutral, activity 1) was 
hydrated by adding 10% of water, and after 24 hr or more in a well-stoppered vessel, to 
allow the water to become evenly distributed, the alumina was packed in A.R. benzene into 
columns 10 cm x 1-3 em diameter. The lipids of heptane fractions prepared by heptane- 
methanol partition, or the non-acidic residues of chromatographic fraction b prepared from 
crude lipid extracts, were applied in benzene. They were eluted fractionally by 20 ml. lots 
of the solvent mixtures 0, 10, 20...90, 100% diethyl ether in benzene. 

Chromatography on cellulose powder. Whatman Cellulose Powder was suspended in acetone- 
ether mixtures and allowed to settle without forcible packing, to give columns 7 em in 
height and 1-3 cm in diameter. Acidic lipids from chromatographic fraction e were added in 
a small volume and eluted with 5 ml. lots of the same solvent mixture. 

Paper chromatography. Ascending chromatograms were run for 2-4 hr in the upper phase 
of the mixture ethyl methyl ketone—water—diethylamine in the proportion 60—20-3 (Vogt, 
1955; Ambache, 1959). For biological testing, the stimulants were extracted from strips of 
chromatograms by means of ether that had been shaken with dilute HCI. 

‘Blank’ and other control extracts. The following control extracts were prepared. (1) Un- 
used absorbent dressings of all the main kinds used by the subjects were moistened with 
water or NaCl solution 0-9 g/100 ml. and then put through the usual extraction procedure ; 
these are called ‘blank’ extracts. (2) In two instances the dressings were incubated with 
venous blood at 37° C for several hours before the lipids were extracted. In one of these 
experiments the venous blood was taken on the second day of the donor’s menstrual period. 


.Smooth-muscle preparations 
Uterine horns from guinea-pigs of 350-500 g were suspended at 37° C in a 10 ml. bath 


containing an oxygenated solution of the following composition (g/100 ml.): NaCl 0-82, 


KCl 0-052, CaCl, 0-008, NaHCO, 0-047, MgSO, 0-018 and glucose 0-1. The amount of 
MgSO, was sometimes doubled or halved in order to give a convenient amount of spon- 
taneous rhythmical activity in the preparation, since the effect of the menstrual stimulants 
was most prominent when the spontaneous contractions were small but not absent. In some 
of the tests guinea-pig duodena or human myometrial strips were suspended in the same 
solution. Guinea-pig seminal vesicles, periodically stiza::!ated with noradrenaline, were used 
to test for the factors responsible for the potentiating effect, of the type shown by the 
‘chromatographic fraction 4’ described by Chambers & Pickles (1958). ‘ | : 
Formal bioassay methods could not be used, since the available quantities of stimulants 
were usually too small for the tests to be repeated many times; moreover the extracts under 
comparison usually contained different substances, rather than different quantities of the 
same stimulant. The term ‘activity’ is therefore used here in a general sense, the activity of 
an extract being measured inversely by the concentration of it that caused a moderate 
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contraction of a guinea-pig uterine horn on application for 2-3 min. In order to avoid the 
appearance of greater accuracy than the tests justified, the effective concentrations (H.C.) 
producing such a response have been selected, in giving the results, from the following 
series: 1, 3, 10; 30, 100, 200 »g/ml. If the uterus did not respond to the highest concentra- 
tion of a particular extract that was applied, the Z.C. is recorded as this concentration 
preceded by the symbol‘> ’. The Z.C. of (+)-ricinoleic acid was usually 3-10 wg/ml. 


RESULTS 


Quantities of crude lipid extracted on successive days of the menstrual 
period. The amount of ether-soluble crude lipid extracted from the 
menstrual dressings varied between 3 and 11 mg/hr of flow, with a mean 
of 6. In two experiments the initial acetone residue was re-extracted first 
with ether and then with dichloromethane, which extracted a further 
0-3—-0-4 mg of ‘crude lipid’ per milligram of ether-soluble material. 

In one experiment a series of 23 specimens, from a restricted number of 
subjects, was extracted in three batches according to the day of the period. 
_ The mean amount of ether-processed crude extract was 5:7 mg/hr for the 
first day and 6-3 mg/hr for the second, but only 3-4 mg/hr for the third. 
The activity of the third-day extract was also less than that of the others. — 
A further complete series of specimens from one subject showed a gradual 
decrease in total activity from the first day to the fourth. One half the 
total number of specimens in the main series were collected on the first day 
of the period, and only 15% on the third or later days. 

Concentration of the activity by heptane-methanol partition. About 4-4 by 
weight of the total crude lipid extracts passed into the aqueous methanol, 
but the activity of this fraction was 3-10 times that of the heptane fraction. 
Heptane-methanol partition was therefore commonly used as a first step 
in concentrating the more polar stimulants, components A and B; and the 
less polar component C' could be recovered from the heptane fraction. 
Further partition of the methanol fraction between 80 °% aqueous methanol 
and heptane-benzene (60:40) mixture gave some further concentration of 
components A and B but some activity was lost into the less polar phase, 
and this method was not routinely used in the preparation of stimulant 
concentrates. | | 

On countercurrent distribution of crude extracts between heptane 
(stationary phase) and 80-92 % aqueous methanol, the activity was distri- 
buted over a wide range of the methanol fractions, suggesting that at least 

two stimulants were present but not clearly separated. 

' Fractional elution from silica gel. Typical results obtained by this method 
are shown in Table 1. Column (i) shows the fractionation of 250 mg of 
dichloromethane-soluble crude lipid extracted from 19 menstrual speci- 
mens ; and, for comparison, column (ii) shows the fractionation of a ‘blank’ 
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control extract consisting of 110 mg of lipid extracted by the same method 
from 20 unused dressings of the same kind as in (i). Column (iii) also for 
comparison with (i) shows the result of first eliminating much non-polar 
inactive material (together with some component C) from a large batch of 
crude lipid extract that would otherwise have overloaded the silica-gel 
column. This extract consisted of 700 mg of crude lipid from 40 menstrual 


dressings of the same kind. On partition it yielded 130 mg of aqueous- 


methanol fraction, which was chromatographed as shown. 

In all instances chromatographic fraction a was inactive and was not 
examined further. Its amount was greatly reduced in the aqueous- 
methanol fraction (Table 1, iii). 


TaBie 1. Examples of fractional elution from silica-gel columns: 
for details see text 
(iii) 


Menstrual 
(i) (ii) aqueous- 
Menstrual Blank methanol 
crude extract crude extract fraction 


(250mgfrom (110mgfrom (130mg from 
19 specimens) 20 specimens) 40 specimens) 


Frac- Solvent Principal £.0.4 
tion mixture stimulants (mg)t (pg/ml.) (mg)t (pg/ml.) (mg)t (pg/ml.) 
a Petroleum ether -— 3°63. > 100 0-77 > 200 0-31 > 100 
(b.p. 60—80° C) 

b 30% diethyl ether B,C 6-23 100 2-29 200 0-75 30 
in petroleum ether 

c¢ Diethyl ether Artifact 1-01 30 1-10 30 0-59 10 

d 74%methanolin (Unidentified) 0-67 100 0-55 100 0-22 30 
ether 

e 30% methanol in A 1-31 30 0-61 > 100 0-89 30 
ether 

60% methanolin (Unidentified) 0-34 100 0-18 > 100 0-44 > 100 

ether 


* Effeétive concentration on guinea-pig uterus. Wt. of each fraction per specimen, for 
comparison of menstrual extract with blank. 


Fraction b always contained some activity, even in the blank extracts; 
but the amount of activity in the whole fraction was greater in the men- 
strual than in the blank extracts. Thus in the examples shown in Table 1, 
this fraction contained 3-6 effective doses per specimen (tested on the 
guinea-pig uterus in vitro) in the experiments of columns (i) and (iii), but 
only 1 dose in the case of the ‘blank’, column (ii). This difference became 
more marked on re-chromatographing the fraction b lipids with a different 
series of solvents, as in the example shown in Table 2. Here it is apparent 
that both the menstrual and the blank extracts contained a stimulant 
eluted by 20-30%, diethyl ether in petroleum ether, but the menstrual 
extract contained a less polar stimulant eluted by 10-15% ether (fractions 
b2 and 63). In the experiment of Table 2, the crude lipid had not been 
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first partitioned between heptane and aqueous methanol ; but other experi- 
ments showed that the heptane and the aqueous-methanol fractions of 
menstrual dressings both contained stimulants that could be eluted from 
silica-gel by 10-15% ether. These stimulants differed in some other pro- 
perties, as described below; the one found mainly in the heptane fraction 
is referred to as component C, and the one found mainly in the aqueous- 
methanol fraction as component B. 


TasBLE 2. Further concentration of components B and C by re-chr tography 
on silica gel 
Menstrual extract Blank extract 
Solvent mixture E.C.t 
Fraction (%)* (mg)t (»g/mal.) (mg)t (ug/mal.) 

b1 5 0-96 > 100 0-38 > 100 

b2 10 1-67 30 0-49 > 100 

b3 15 0-64 30 0-33 > 100 

b4 20 0-16 100 0-13 30 

b5 25 0-12 30 0-19 30 

b6 30 0-18 30 0-17 30 
Crude menstrual lipid 490 mg, extracted from 21 specimens, was first chromatographed 
as in Table 1. Fraction b, 83 mg, was re-chromat phed on silica gel. The blank extract 


was made similarly from 20 unused specimens of the same kind, 

* Diethyl ether, %, in petroleum ether, b.p. 60—80° C. + Wt. of each fraction per specimen, 
for comparison of menstrual extract with blank. { Effective concentration on guinea-pig 
uterus. 


Chromatographic fraction c showed no significant difference, either in 
weight or in activity, between the menstrual and the ‘blank’ extracts. 
The principal stimulant in it has been identified as (+ )-ricinoleic acid 
(R. F.C. Brown, unpublished), and is a hydrolysis product of a constituent of 
the unused dressings. It is therefore an artifact of no physiological interest. 
The small amount of activity in chromatographic fraction 6 of unused 
dressings is attributable to the same or a very similar artifact. Blank 
extracts of unused dressings that had been specially manufactured without 
the addition of the constituent from which this artifact arose still con- 
tained some stimulant substance in fraction c; but these extracts were of 
much smaller activity than the normal blank extracts. The substance 
causing this residual activity has not been identified. 

Chromatographic fraction d of menstrual extracts was usually smaller in 
both amount and activity than fractions c and e, and in such cases it was 
not examined further. In some experiments, however, especially when 
large quantities (> 200 mg) of crude lipid had been put on the column, — 
fraction d contained more total activity than fraction e. In such cases 
fraction d was re-chromatographed, and the activity now appeared more in 
fraction e. One batch of silica-gel also gave component A in fraction d even 
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when the column was not overloaded. All the blank extracts showed only 
a trace of activity in fraction d. 

Fraction e contained the principal and most polar menstrual stimulant 
or stimulants, referred to as component A. The corresponding fractions of 
blank extracts contained at most a very small trace of activity. 

Fraction f was always of low activity and was not examined further. 

Further concentration of component A. From each 1 mg of fraction ¢ 
lipids, approx. 0-14 mg of acid substances could be extracted by means of 
NaHCO; as described under ‘Methods’. These acids were of much higher 
stimulant activity than the non-acid residues. The activity could be still 
further concentrated by re-chromatography on silica gel, from which the 


TaBLE 3. Re-chromatography of component: A on silica gel 


Menstrual extract Blank extract 
Solvent mixture r A A 
methanol % in E.C.t 
Fraction diethyl ether (mg)* (»g/ml.) (mg)* 
el 0 (= ether) 0-026 > 10 0-011 30 
e2 10 0-032 3 6011 > 30 
e3 20 0-019 3 0-009 > 30 
e4 30 0-013 3 0-010 > 30 
e5 40 0-015 10 0-005 > 30 


Crude menstrual lipid 1, 850 mg, extracted from 52 specimens, yielded 286 mg of aqueous- 
methanol fraction, from which 71 mg of chromatographic fraction e was prepared. From 
this, 8-2 mg of acidic lipids were extracted, which were re-chromatographed as above. The 
blank extract was made similarly from 30 unused specimens of the same kind. 

* Wt. of each fraction per specimen, for comparison of menstrual extract with blank. 

+ Effective concentration, in pg/ml., on guinea-pig uterus. 


activity was eluted by 10-30% methanol in ether, as in the example of 
Table 3. Component A could also be further concentrated by chromato- 
graphy on cellulose-powder columns eluted with acetone-ether mixtures. 
The activity always appeared in one group of adjacent tubes, as in the 
example of Fig. 1. | | 

Further concentration of component B and its separation from the artifact. 
The acids extracted from chromatographic fraction b of either menstrual 
crude lipid or its aqueous-methanol fraction were always more active than 
the non-acid residues. The fraction 6 acids of blank extracts also contained 
a little stimulant activity, but much less than in the menstrual extract. 
When the acids of menstrual fraction 6 were chromatographed on kiesel- 
guhr containing an indicator, development with petroleum ether clearly 
separated two acids: one, component B, was eluted by the first 10 ml. of 
the solvent, and proved to be a potent stimulant of the guinea-pig uterus; 
the other moved more slowly, and was possibly identical with the artifact 
(+ )-ricinoleic acid found mainly in fraction c and to a smaller extent in the 
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fraction b acids of blank extracts. If the amount of acid was too small, it 
was not possible to detect any colour change in the indicator on the 
column, but the first 10 ml. of eluate always contained component B. 
Further concentration of component C. This was found mainly in the 
heptane fractions of menstrual extracts; the heptane fractions of blank 
extracts had little or no detectable activity. It was concentrated by 


1 
Tube 3 8 9 10 11 
Total wt. (mg): 23 15 06 02 04: 05 £03 03 03 0-6 0-8 
Concn. tested | 
-(ag/mi.): 1020 10 10 20 10 10 20 30 300=—s_( 330 60 80 


Fig. 1. Chromatography of component A on cellulose powder. Approx. 8 mg of 
acidic lipids of silica gel chromatographic fraction e were put on a cellulose powder 
column 10 cm x 1-3 cm in 20% acetone-80% diethyl ether and eluted with the 
same solvent, 5 ml. to each tube. Total wt. of each fraction as shown above. At z, 
20 ug/ml. of another extract containing component A to test sensitivity of the 
guinea-pig uterus preparation. Stimulants washed out as soon as preparation 
showed a definite response, or after 4 min if no response. Most of the activity ap- 
peared in tubes 2-4, which comprise 30 % of the total weight of lipid. Time marker, 
minutes. 


chromatography on partially hydrated alumina. Elution with 10-40% 
ether in benzene first removed much relatively inactive material, after 
which 50-90% ether in benzene removed a small amount of the active 
component C’. An example is given in Table 4. 

Paper chromatography of component A. In the system methyl ethyl 
ketone—diethylamine—water (60 :—3 :-20 by vol.) described by Vogt (1957), 
component A ran to a region which varied in different experiments between 
Ry 0-3 and 0-9, whereas ricinoleic acid ran to Ry 0-8-1-0. After prolonged 
development, even in nitrogen, recovery of activity was often poor. 
Chromatograms of some of the less highly purified extracts showed also 
fluorescent or coloured spots of lower 2, value than component A, but these 
were never active on elution. Paper chromatography was used in 
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supplementary tests of the purity of preparations of component A, but it 
was not used for preparative purposes. 

TaBe 4, Fractional elution of component C from alumina column 


Solvent mixture Weightofeach Effective 
(% ether in benzene) fraction (mg) concentration 


0 (= benzene) 1-7 * 
10 8-8 
20 59-6 * 
30 4-2 * 
40 1-3 * 
50 0-7 t 
60 1+] 
70 1-3 100 
80 0-8 30-100 
90 1-0 100 

100 (= ether) 1-4 tT 


Heptane fraction 902 mg was chromatographed on silica, and 128 mg eluted by 10-15% 
ether in petroleum ether contained some stimulant. After extraction of the acids with 
NaHCO,, 101 mg of the ‘ non-acid’ was chromatographed on alumina, eluted with 20 ml. 
of each successive solvent. The corresponding ‘blank’ extract fractions were all inactive. 

* These fractions (100 ug/ml.) had a small effect, but only after being washed out of the 
organ bath. + These fractions caused only small responses when the whole of each was put 
into the 10 ml. organ bath. 2 


Blank and other control extracts 


All the eight kinds of unused absorbent material that were tested con- 
tained lipid material extractable and fractionated by the methods de- 
scribed. The quantities of blank crude lipid extracts were commonly }-4 
of the quantities in the corresponding menstrual extracts, when equal dry 
weights (obtained by weighing the dried absorbent materials after the 
lipids had. been extracted) of used and unused absorbent materials were 
compared; but in some fractions, e.g. Table 1, fraction c, the ‘blank’ 
component appeared to account for the whole of the menstrual fraction. 
Therefore, only differences between a menstrual fraction and the corre- 
sponding blank fraction have been taken as significant. 

The differences in activity were greater than the differences in sabe. 
The activities of the crude blank extracts varied from an undetectable 
amount to } of that of the corresponding crude menstrual extract; and 
there were additional differences in dose-response curves between the 
menstrual and the blank extracts. Although traces of activity were 
detected in all chromatographic fractions b-e of a blank extract when very 
high concentrations (}-2 mg/ml.) were tested, almost all the activity of 
the blank extracts was found in fraction c. Most of this activity could be 
accounted for by the known content of (+)-ricinoleic acid; but small 
amounts of other stimulants may also have been present in the blank 
extracts. Extracts of menstrual fluid collected on washed material, and 
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extracts of fresh secretory endometrial curettings which must have been 
free from artifacts of this kind, still contained some stimulant in chroma- 
tographic fraction c as well as in b, d, and e; but the amount was not 
enough to enable it to be examined further. The use of the special ‘arti- 
fact-free’ absorbent material (p. 226) facilitated the extraction of the 
fraction 6 and fraction e stimulants. 

The samples of unused absorbent material that were incubated with 
venous blood (in one instance taken from a menstruating subject) gave 
about twice as much crude lipid extract as the corresponding simple blank 
extracts; but this was nevertheless only about half the amount obtained 
from used material of the same kinds, and the distribution and potency of 
the stimulant in: it did not appreciably differ from the simple ‘blank’ 
extracts. This shows that the stimulants in the menstrual extracts did not 
originate from some interaction between blood and the absorbent materials. 


Fig. 2. Responses of guinea-pig uterine horns to components B and OC. At Cl 
33 pg/ml. and at C2 100 ug/ml. of extracts containing component C' applied for 
3 min; at B 50 ug/ml. of a component B preparation applied for 4 min. Responses 
to component C are slower than to component B; the response to C2 persisted 
more than 14 hr after washing out, although, as at D, the tissue had given transient 
responses to an extract containing mainly component B. Time marker, minutes. 


The amount of stimulant activity found in the venous blood of a menstru- 
ating subject (Pickles, 1959a) was also much too small to account for the 
activity of the menstrual extracts on the assumption that this originated 
from the blood forming part of the menstrual fluid. 

The extracts of endometrial curettings contained substances with the 
properties of components A, B and C (see also Clitheroe, 1961). — 

Biological effects of these stimulant fractions. The general types of effect 
on smooth-muscle preparations have been described before (Chambers & 
Pickles, 1958; Pickles, 1959) and only the following additional facts need 
be noted here. Although all these stimulants caused contractions that were 
slow and persistent by comparison with those induced by histamine, the 
responses to component C' were often delayed in onset by 4-2 min and then 
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persisted for 5 min or more, even after the stimulant had been washed out 
(Fig. 2). The most potent preparations that were made of components A 
and B had at least twice the stimulant potency per unit weight of (+ )-rici- 
noleic acid. Component C preparations were less active. Crude lipid 
extracts potentiated the effect of noradrenaline on the guinea-pig seminal 
vesicle. This effect was given by components A and B but not by C, and it 
resembles that of prostaglandin (Goldblatt, 1935). - | 


DISCUSSION 

The menstrual stimulants, defined as the group of lipoid smooth-muscle 
stimulants in menstrual fluid (Pickles, 1959), comprise at least three 
clearly separable substances. They are called ‘components’ since it is 
possible that each may later prove to consist of more than one stimulant 
substance, which have not been separated by the methods described here. 

Component A passes into aqueous methanol on partition with heptane. 
It can be extracted from organic solvents by aqueous NaHCO, solution, 
and back into an organic solvent from the aqueous phase after acidification ; 
it is therefore acidic. It is eluted from silica gel by 10-30% methanol in 
ether but not readily by less polar solvents, and it is very readily eluted 
from a cellulose-powder column by 20% acetone in ether. 

Component B also passes into aqueous methanol on partition with 
heptane, and like component A it behaves as an acid on partition between 
organic and aqueous phases of different pH values. It differs from compo- 
nent A in that it can be eluted from silica gel by 10-15% diethyl ether in 
petroleum ether, and it is readily removed from a kieselguhr column by 
means of petroleum ether. 

Component C passes mainly into heptane on partition between heptane 
and aqueous methanol. It does not appear to be acidic, since it cannot be 
extracted from organic solvents by means of aqueous. NaHCO, solution, 
but it can be eluted from alumina by ether-benzene mixtures. 

Many extracts also contain a stimulant which is an artifact. This is 
intermediate in its solubility in polar solvents between components A 
and B, and it has been identified as ( + )-ricinoleic acid. It originates in a 
constituent of the absorbent materials on which the menstrual fluid is 
necessarily collected, accounts for only a small part of the total stimulant 
potency of the menstrual extracts, and is of interest only in so far as it may 
be confused with the menstrual stimulant components. 

Although the methods described here do not necessarily provide us with 
these components in a pure state, or entirely free from small amounts of 
other stimulants, the principal components can be separated from each 
other and from non-stimulant substances well enough for some further 
chemical analysis to be done. 
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It is likely that the stimulants which Chambers & Pickles (1958) some- 
times found in their chromatographic ‘Fraction 3’ were in fact those 
described here as components B and C. Their ‘Fraction 4’ is likely to have 
contained component B and the artifact (+ )-ricinoleic acid. The main 
stimulant in their ‘Fraction 5’ was almost certainly component A. 


SUMMARY 


1. Three principal components of the menstrual stimulant group have 
been separated by the following methods, which are described in detail. 

(a) On partition of crude lipid extracts between heptane and aqueous 
methanol, most of the activity passed into the methanol. 

(b) Fractional elution of the lipids from a silica-gel column partially — 

separated the stimulants from one another and from much eerewmnaiait 
material. 

(c) Most of the stimulant Lita as acid on partition between organic 


and aqueous phases of different pH values, but one component, in a rela- 


tively non-polar silica-gel fraction, did not.° 

(d) This non-acidic component, C’, could be separated from some non- 
stimulant material by fractional elution from partially hydrated alumina. 

(e) The less polar acidic component, B, could be further purified by 
chromatography on kieselguhr. 

(f) The more polar acidic component, A, could be further purified by 
chromatography on cellulose powder. 

(g) Paper chromatography was used in supplementary tests of purity. 

2. A further stimulant was found i in some extracts, and was identified 
as an artifact. 


3. The quantities of these stimulants and their relative biological 
effectiveness are described. 
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OBSERVATIONS ON THE MECHANISM OF THE REDUCTION 
IN DISTENSIBILITY OF THE LOW-PRESSURE VESSELS OF 
THE HUMAN FOREARM DURING OVERVENTILATION 


By D. LYTTLE | | 
From the Department of Physiology, The Queen’s University, Belfast 


(Received 28 September 1960) 


Factors which alter the distensibility of blood vessels are of importance, 
since the maintenance of the circulation depends upon the adjustment of 
the total capacity of the blood vessels to the volume of circulating blood. 
It has been shown by Duggan, Love & Lyons (1953), Page, Hickam, 
Sieker, McIntosh & Pryor (1955), and Burch & Murtadha (1956) that 
segments of superficial arm veins, isolated by compression so that internal 
pressure may be measured at constant volume, are very reactive to such 
stimuli as a deep inspiration, the Valsalva manoeuvre, and body cooling 
and tilting. On the other hand, plethysmographic measurements on 


entire limb segments (Greenfield & Patterson, 1956; Litter & Wood, 1954) © 


indicate that the distensibility of the low-pressure capacity vessels is 
sometimes little changed by stimuli which produce large alterations in 
blood flow (Blair, Glover & Kidd, 1959; Kidd & Lyons, 1958). | 
Knowledge of the central control of venous distensibility is very in- 
complete. Using a plethysmographic method with venous congestion 
Eckstein, Hamilton & McCammond (1958) have demonstrated a constric- 
tion of the capacity vessels of the forearm during overventilation with air 
or 5% carbon dioxide. It seems probable that this constriction depends 
upon the stimulation of a hypothetical central receptor or group of recep- 
tors. The present experiments were designed to verify the findings of 
Kckstein, Hamilton & McCammond, and to identify, if possible, the 
particular disturbance associated with overventilation which is responsible 
for the changes in behaviour of the capacity vessels. It was hoped that 
this might give an indication of the nature of the effective central stimulus. 


METHODS 


Experiments were carried dut on sixteen healthy male students whose ages ranged from 
eighteen to twenty-three years. Each subject lay supine on a couch with the forearm slightly 
_ raised so that its axis was in the same horizontal plane as the sternal angle. The forearm 
was enclosed in a water-filled plethysmograph, of the type described by Greenfield (1954), 
maintained at 35° C. A pneumatic cuff around the wrist was inflated to 200 mm Hg; asecond 
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cuff on the upper arm was adjusted carefully so that when inflated to 50 mm Hg no initial 
displacement artifact was seen. Volume changes were recorded by a float chamber writing 
upon smoked kymograph paper. The manometer scale of the proximal cuff was adjusted 
so that the zero mark was at the pressure at which venous filling became just measurable 
when the cuff was gradually inflated. This ‘titrated zero’, level (Litter & Wood, 1954) was 
used throughout the experiment. A first recording was made after the subject had been 
lying at rest for 20 min. The proximal cuff was rapidly inflated to a reading of 50 mm Hg 
above the titrated zero and maintained there until the rate of volume increase became very 
small. The pressure was quickly reduced to 40 mm Hg for 15 sec and then down to zero 
by 5 mm stages, each lasting 15 sec. A typical record is shown in Fig. 1. 


1% torearm 
volume 


Fig. 1. Typical record of forearm volume changes. The numbers represent the 
congesting cuff pressures in mm Hg. 


Reliability of method. In addition to the usual difficulties in plethysmography, such as 
stability of the limb, avoidance of leaks and air bubbles, and maintenance of constant 
temperature, a possible source of error in the method might be that the record obtained at 
each pressure level is of insufficient duration to provide a reliable measurement of volume 
change. It was found, however, that when the cuff pressuve was maintained any step level 
could be prolonged with little variation of volume for an additional 4 min. It is also pos- 
sible that this method gives results different from those obtained by the more usual method 
of inflating the proximal cuff from zero and measuring the volume increase about 4 min 
after the application of each pressure. Both methods were used in two experiments on a 
resting forearm, and the results are shown graphically in Fig. 2. Similar results were 
obtained by the two methods, but the ‘step-down’ method has the advantage that the 
measurements occupy less time. 


First series of experiments 

The experiment on each subject consisted of a record taken during overventilation of air 
followed by two records taken during normal breathing; the wrist cuff was then deflated 
for 2 min. The experiment was repeated with overventilation of 4% CO,, and then 9% CO,. 
Overventilation with air. The subject had previously accustomed himself to breathing at 
30 l./min. He was instructed to breathe at this rate through a mouth-piece and valves. 
The overventilation lasted about 3 min., commencing when venous filling was nearly com- 
plete at a cuff pressure of 50 mm Hg, and ceasing 15sec after return to zero pressure. 
16 PHYSIO. CLVI 
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Expired air was collected in a Douglas bag during the period of overventilation, in order to 
determine the degree of overventilation. 

Overventilation with 4% carbon dioxide. The subject was instructed to overventilate from 
a 1001. Douglas bag containing 4% carbon dioxide in air, at the same rate as before and 
using the same taps and connecting air-pipes. 

Administration of 9% carbon dioxide. Without warning the subject, a Douglas bag con- 
taining 9% carbon dioxide in air was connected to the mouth-piece; the subject was not 
instructed to overventilate voluntarily. It was found that respiration gradually increased 
to a rate of about 30 1./min; graded decreases in cuff pressure were then commenced, and 
the tap opened to collect expired air in a second Douglas bag. , 
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Cuff pressure (mm Hg) 


Fig. 2. Pressure-Volume curves obtained on a resting forearm by (A) the 
‘step-down’ method, and (@) the ‘step-up’ method. 


Second series of experiments 

In a second series of experiments, records were made: (1) during overventilation with air; 
(2) at rest; (3) while breathing through a tubular resistance attached to the mouth-piece. 
The order of these was reversed in alternate experiments. The rhythm of breathing during 
overventilation was regulated by a metronome at 23 breaths /min, and the average minute 
volume was 271. When breathing to the metronome at the same rate with resistance to 
inspiration and expiration, the average minute volume was 7 1. 

Mouth-piece pressures were measured by a capacitance manometer attached to the mouth- 
piece, and during normal breathing were 0:7 mm Hg above and below atmospheric pressure. 


Overventilation caused changes of mouth-piece pressure of 1-5 mm Hg above and below 


atmospheric pressure, and breathing with resistance 4:0 mm. Hg above and below atmo- 
spheric pressure, 
Fifty experiments were carried out on eight subjects. 
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RESULTS 


Readings of volume changes were measured on the tracings as the verti- 
cal height of the end of each step level above the base line or volume at 
zero congesting pressure. A normal record of volume changes is shown in 
Fig. 3, and is compared with a superimposed record obtained during 
voluntary overventilation with 4° carbon dioxide. Pressure-volume 
curves constructed from these records are shown in Fig. 4. The chosen 
index of distensibility was the change in volume (ml./100 ml. tissue) 
caused by reducing the cuff pressure from 25 to 10 mm Hg (V3). This index 


f 
1% forearm 
volume 


Fig. 3. Records of forearm volume changes (a) during rest (6) during over- 
ventilation with 4% CO,. The apparently diminished blood flow during over- 
ventilation with 4% CO, is not a typical finding. 


was selected because of lack of confidence in the efficiency of venous con- 
gestion at very low cuff pressures, and the reduction in gradient of the 
pressure-volume curves above 25mm Hg. The mean values of 
obtained from ten resting tracings in each of the sixteen subjects, are shown 
in Table 1. This table also shows, for each stimulus, the change of V% from 
the mean resting value in each subject. 


First series of expervments 
Effect of overventilation with air. A mean decrease of 0-184 from the normal 
V3 was found, this being a decrease of 12-3°/, from the average of all normal 
values. This result is significant at the 5° level (0-01 > P > 0-001). 
Effect of overventilation with 4°/, CO,. A mean decrease of 0-181 from 
the normal V28 was found, this }being a decrease of 12:1% from the 
average of all normal values. This result is significant at the 5% level 
(0-001 > P). 
16-2 
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Cuff pressure (mm Hg) 
Fig. 4. Pressure—volume curves of forearm vessels, obtained during rest (@), 
and during overventilation with 4% CO, (4). 
TABLE 1 
Change of V3§ from normal (ml./100 ml. tissue) 
Overventilation  Overventilation Breathing 
Subject normal mean with air with 4% CoO, 9% CO, 
D.E.S. 1-18 — 0-05 — 0-18 —0-18 
M.C.G. 1-85. — 0-22 —0-41 —0-10 
J.8.G. 1-62 — 0-31 —0-31 0 
E.C. 1-73 — 0-37 — 0-16 — 0-37 
D.H. 1-61 +0-10 — 0-40 — 0-25 
iff 1-34 — 0-28 — 0-32 — 0-32 
W.M. 1-58 — 0:47 — 0-03 — 0-27 
P.H. 1-90 + 0-02 — 0-22 + 0-02 
T.A. 1-74 — 0-38 —0-14 — 0-22 
J.C. “111 — 0:37 —0-12 —0-12 
J.D. 1-10 +0-10 — 0-06 — 0-02 
Ee 1-38 — 0-45 — 0-25 — 0-58 
E.M. 1-34 — 0-08 — 0-20 —+0-26 
R.B. 1-25 + 0-05 0 0 
A.O. 2-04 — 0-04 —0O-11 — 0-25 
L.E.E. 1-16 — 0-20 + 0-02 — 0-20 
Mean 1-494 —0-184 —0-181 — 0-163 


Significance of change 


t=37,001> P t= 5-6,0001>P 3-4,001>P 
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Effect of administration of 9°/, CO,. A mean decrease of 0-163 from the 
normal Vjj was found, this being a decrease of 10-9% from the average of 
all normal values. This result is also significant (0-01 > P > 0-001). There 
is & striking similarity in the averaged results of these first three stimuli. - 


Second series of experiments | 

The values of Vij obtained during rest, overventilation, and when 
breathing with resistance to air flow are shown in Table 2. | 
Overventilation with air. There was a mean decrease of 0-117 from the 
resting value of the index of distensibility. This decrease is significant 
at the 5% level (0-001 > P). 


TABLE 2. Values of the index of distensibility (V3) obtained in fifty 
experiments on eight subjects 


Over- Resistance Over- Resistance 
Rest ventilation to breathing Rest ventilation to breathing 
0-82 1-09 0-98 1-67 1-83 
0-82 0-93 0-87 1-56 1-78 1-51 
0-98 0-82 0-98 1-67 1-67 1-94 
0-98 0-65 1-09 2:37 1-94 1-99 
0-87 0-82 0-87 2-15 1-78 1-83 
1-09 0-87 0:76 1-72 1-67 1-94 
0-82 0-98 0-87 2-58 1-88 2-15 
0-82 0-71 0-98 2-21 1-96 1-96 
0-82 0-72 0-82 1:78 1-78 1-90 
0-82 0-82 0-82 2-02 1-90 1-96 
0-98 0-92 0-87 2-33 2:27 1:96 
0-87 0-82 1-08 1:78 1-47 1-54 
0-62 0-82 0-92 2-21 1-96 1-78 
1-31 0-86 1-37 1:90 2-21 2-33 
1-54 1-31 1-66 1-53 1:64 1-85 
1-54 1-71 1-77 1-80 1-48 2-17 
1-54 1:14 1-37 1:75 1-64 1-48 
1-54 1-14 1:31 2-01 1-43 1-80 
1-31 1:37 1:54: 1-48 1-43 1-22 
1-54 1-43 1-60 1-75 1-43 1-75 
1-60 1-60 1-83 2-01 1-75 1:85 
1-66 1-49 1-66 1-85 2-06 1-48 
1-71 1-66 1:43 2-01 2-01 2-12 
1-77 1-60 1:83 2-12 2-17 2-22 
1-54 1-54 1:89 1-99 1-78 2:26 
Means 1-563 1446. 1-559 


Breathing through a resistance. There was a mean decrease of 0-004 from 
the resting value of the index of distensibility. This decrease is not signi- 
ficant at the 5% level (P > 0-9). There is a significant difference 
(0-01 > P > 0-001) of 0-112 between the values of Vio obtained during 
overventilation and those obtained during breathing through a resistance. 
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DISCUSSION 


The effective stimulus causing the reduction in vascular distensibility 
during overventilation is not a reduction in the blood tension of carbon 
dioxide, for overventilation with carbon dioxide mixtures, causing the 
alveolar concentration to remain almost unchanged or even to increase, 
has the same effect as overventilation with air, which causes the alveolar 
concentration to decrease. These findings agree with those of Eckstein 
et al. (1958). 

The effective stimulus is éxcciainls not a pressure disturbance during 
overventilation. Breathing at normal depth through a resistance, which 
caused cyclical changes of mouth-piece pressure much greater than those 
observed during overventilation, brought about no change in distensibility. 
This observation is not conclusive, however, because it is possible that 
somewhere in the chest overventilation may cause greater pressure changes 
than does breathing through a resistance. 

Leaving aside the last. possibility, the common factor in those experi- 
ments which caused a reduction of distensibility was the greatly increased 
volume of tidal air. It seems probable that a receptor, stimulated either 
directly by the tidal excursion or by some consequence of it, is responsible 
for initiating the change in peripheral vascular distensibility. 

A factor of emotional stress may enter into the application of these 
stimuli. It has been observed by Duggan et al. (1953) that the reduction 
of venous distensibility due to severe local cooling by immersion of the 
hand in iced water can be produced in some subjects merely by approaching 
with a beaker of iced. water. Apprehension preceding the breathing of 9 °/, 
carbon dioxide has been seen to cause a marked increase in forearm blood 
flow; it may also be a contributing factor in the observed distensibility 
changes. However, there is no reason to suppose that emotional stress 
with this degree of overventilation was greater than the emotional stress 
of breathing air through a resistance. 


SUMMARY 

1. A simple venous congestion method is described for obtaining pres- 
sure-volume relationships of the capacity vessels of the human forearm, 
at pressures within a normal physiological range. 

2. The chosen index of distensibility was the change in volume (ml. 
100 ml. tissue) when the venous congesting pressure was reduced from 
25 to 10 mm Hg. 

3. In sixteen normal subjects overventilation with air, 4°%% CO,, or 


9% CO caused a significant decrease of about 12% in this index of 
distensibility. 


a 
4 
Ay 
is 
+ 
> 
t 
q | 


VASCULAR DISTENSIBILITY 245 


4. Breathing through a resistance, a procedure designed to cause 
changes of intrathoracic pressure similar to those occurring in over- 
ventilation without the great increase of the respiratory minute volume, 
failed to cause significant changes in vascular distensibility. 

5. It is suggested that some factor other than reduction of blood 
tension of CO, or the changes of intrathoracic pressure is mainly respon- 
sible for the reduction of vascular distensibility during overventilation. 


I am indebted to Professor A. D. M. Greenfield for his assistance and advice during the 


investigation and in the preparation of this paper; also to the other members of the Depart- 
ment for their assistance. 
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VASCULAR RESISTANCE OF THE DOG’S SPLEEN 


By M. pkg BURGH DALY* anp MARY J. SCOTT} 
From the Department of Physiology, University College London 


(Received 7 October 1960) 


In a previous study of the effects of anticholinesterases on the spleen, 
Scott (1957) found that tetraethylpyrophosphate (TEPP) caused a small 
increase in volume after denervation of the spleen combined with bilateral 
adrenalectomy. Whether this response was the result of accumulation of 
acetylcholine or of a direct action of TEPP was not ascertained because 
passive effects due to alterations in arterial and venous pressures could not 
be ruled out. 

Although the effects of acetylcholine on the spleen have been investi- 
gated previously by numerous workers, the results have been variable. In 
the dog, cat and rabbit intravenous injection of acetylcholine caused 
either a decrease in volume of the spleen (Ferguson, Ivy & Greengard, 
1936), a decrease followed by an increase (Hunt, 1918; Gotsev, 1936) or only 
an increase in volume (Bacq & Fredericq, 1935). Hunt (1918) considered 
that the initial diminution in splenic volume produced by acetylcholine 
was a passive vascular effect due to the fall in systemic blood pressure, and 
that the subsequent increase in volume was due to a direct action of the 
drug on the muscular capsule of the spleen. In the view of Bacq & 
Fredericq (1935) the increase in volume of the spleen was due to vaso- 
dilatation within the organ. Studies on isolated strips of spleen in vitro 
indicate that acetylcholine causes contraction, not relaxation fo 
1929; Vairel, 1933; Saad; 1935; Ferguson et. al. 1936). 

The interpretation of changes in volume of the spleen occurring as a 
result of intravenous injections of a drug is often difficult because, apart from 
a direct effect on the organ, there are a number of other mechanisms by 
which the response may be brought about. First, the observed change in 
volume may be passive through an alteration in either arterial or portal 
venous pressure. Secondly, it may be the result of nervous influences on 
the spleen either by an action of the drug on the nervous system or reflexly 
through a change in arterial blood pressure. Thus Farber (1936) showed 


* Present address: Department of ss tins fe St Bartholomew’ s Hospital Medical 
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that the intravenous injection of acetylcholine in a dog whose spleen was 
isolated from the circulation and perfused by a second dog caused a 
diminution in volume of the organ, which could only have been brought 
about through the nerves to the spleen. Thirdly, the response of the spleen 
may be due to increased secretion of suprarenal medullary hormones. 

The present study was undertaken first to discover the direct effect of 
acetylcholine on the spleen and secondly to investigate the mechanisms by 
which the responses were brought about. To exclude nervous and humoral 
effects the spleen was isolated and perfused with blood and injections were 
made into the splenic artery. This technique had the advantage that it 
enabled changes in vascular resistance to be measured simultaneously 
with changes in volume of the organ. 


METHODS 


Dogs, varying in weight from 10-2 to 18-6 kg, were anaesthetized with 0-25 ml./kg intra- 
venously of a 1:1 mixture of Dial Compound (Ciba Laboratories Ltd, diallylbarbituric acid 
0-1 g and urethane 0-4 g/ml.) and pentobarbitone sodium solution (Nembutal, Abbott 
Laboratories, Ltd, 60 mg/ml.) preceded by morphine hydrochloride (3 mg/kg subcu- 
taneously). One animal was given chloralose (0-1 g/kg intravenously) after premedication 
with morphine (3 mg/kg subcutaneously). | 

In most experiments the spleen was freed from its nervous connexions by removal from 
the abdomen; it was perfused from a femoral artery of the same animal. The vascular 
connexions of the spleen with the omentum, pancreas and stomach were divided between 
ligatures. The splenic artery was tied close to its origin from the coeliac artery and cannu- 
lated towards the spleen; the splenic vein was likewise cannulated. The remaining tissue in 
the splenic pedicle was then divided between ligatures, and the spleen was removed from 
the abdomen and placed in a Perspex plethysmograph. The method used for perfusion of the 
spleen is shown in Fig. 1. Blood from a femoral artery passed through the flowmeter a into 
the ‘splenic artery b, The blood was returned to the animal from the splenic vein ¢ via a 
femoral vein. The arterial inflow pressure to the spleen was measured from a T-piece in the 
arterial tubing by a mercury manometer. The splenic vein pressure was measured from the 
venous tubing with a vertical saline manometer, the open end of which was connected to a 
small volume recorder. The flowmeter used for measuring blood flow was a rotameter of the 
Shipley & Wilson (1951) type, in which were incorporated the modifications described by 
Bell (1954). Blood flow was recorded continuously on the kymograph by means of a direct 
recording milliammeter. The instrument was calibrated at the end of each experiment as 
described by Daly (1957). | : 

In all these experiments coagulation of the blood was prevented by heparin (Liquemin, 
Roche Products, Ltd, 7-21 mg/kg). Unless otherwise stated, injections of drugs were made 
into the splenic arterial tubing distal to the rotameter. Control injections were made in 
nearly every experiment with a solution of sodium chloride, 0-9 g/100 ml., and were without 
effect. The volume of the injected fluid did not exceed 0-2 ml. 

The plethysmograph was filled with liquid paraffin and rested on an electric heating pad 
to maintain the temperature of the fluid at 37-39° C. Changes in volume of the spleen were 
measured by means of a Krogh type of volume recorder connected to the plethysmograph. 

In a few experiments the splenic nerve was placed on platinum wire electrodes inside the 
plethysmograph. An Attree (1950) electronic stimulator giving independent control of the 
voltage, frequency and duration of the rectangular pulses was used. 
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In one experiment changes in volume of the naturally perfused spleen with the splenic 
nerve intact were measured using the plethysmograph. To mobilize the spleen sufficiently to 
enable it to be put into the plethysmograph its vascular connexions with the stomach were 
severed. In this experiment no heparin was given. Drugs were injected via an indwelling 
needle in the splenic artery. 

In three experiments the animals were treated with reserpine (Serpasil, Ciba) to deplete 
the stores of catechol amines. Two doses of 0-1—0-2 mg/kg, intravenously or intraperitoneally, 
were given on successive days, the acute experiment being performed the day after the 
second injection. 


To volume 
f recorder 
| 
a 5 Spleen 
He 88 
From dog's —— Splenic 
femoral aver) | | pedicle 
To dog's | 
/ 
Saline 
manometer 
Plethysmograph 


Fig. 1. Diagram showing the method of perfusing the spleen at a constant head of 
pressure. a, rotameter; b, splenic artery ; c, splenic vein; d, splenic nerve; e, stimu- 
lating electrodes; f, thermometer. For further details see text. 


The following drugs were used: acetylcholine chloride (Roche Products, Ltd), atropine 
sulphate (British Drug Houses, Ltd), hexamethonium bromide (‘Vegolysen’, May and 
Baker, Ltd), eserine sulphate (British Drug Houses, Ltd), tetraethylpyrophosphate (Albright 
and Wilson), dibenzyline hydrochloride (Smith, Kline and French), dibenamine (Light and 
Co. Ltd), nicotine acid tartrate (British Drug Houses, Ltd) and 1: 1-dimethyl-4-phenylpiper- 


azinium iodide (DMPP, Pharmacia). 


Degenerative section of the nerves to the spleen 
At a preliminary operation carried out under pentobarbitone anaesthesia with full aseptic 
precautions, the spleen was denervated by cutting all the attachments to neighbouring 
organs and by dividing the splenic nerve at the level of the origin of the splenic artery. Thus 
the spleen was only connected by the splenic artery and vein, which were stripped of tho 
ee nerve plexus as far as possible. The acute experiment was performed 8-10 days 
ter. 
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RESULTS 
Effects of acetylcholine 

Splenic volume. The response of the isolated perfused spleen to acetyl- 
choline injected into the splenic arterial tubing depended on the dose. In 
twelve experiments the smallest effective dose, which varied from 0-01 
to 5 wg in different experiments, always caused a small increase in splenic 
volume, which rarely exceeded 5 ml. This response occurred within 2-3 sec 
of injection and usually lasted not more than 2 min, although occasionally 
a response lasting up to 5 min was observed. The same response was pro- 
duced in the naturally perfused innervated spleen. Larger doses of acety]- 
choline, 5-25 yg, produced an increase in splenic volume which was 
followed by a decrease; a second increase in volume then sometimes 
occurred. With still larger doses, only a decrease in volume took place. 
Compared with the increases in volume evoked by small doses of acetyl- 
choline, the decreases were large, frequently 20-30 ml. Typical responses 
are shown in Figs. 2 and 34. 

All these responses occurred in the adrenalectomized preparation and 
without change in splenic arterial pressure. A rise in venous pressure of 
1-2 cm saline sometimes occurred during contraction of the spleen. This 
was probably due to a temporary increase in splenic venous blood flow 
resulting from emptying of the blood stores of the organ. 

Vascular resistance. In eleven experiments acetylcholine invariably 
caused an increase in splenic arterial blood flow which was sometimes 
preceded by a momentary decrease. Since the splenic arterial and venous 
pressures remained constant, these changes in blood flow indicate a similar 
directional change in splenic vascular resistance. The vasodilator response 
usually lasted up to 2 min, although occasionally the increase in blood flow | 
was prolonged, as in the experiment illustrated by Fig. 3A. These vascular 
responses occurred with doses of acetylcholine varying from 0-05 to 100 pg 
and independently of the changes in volume of the spleen. It was noted, 
however, that in those tests in which the acetylcholine vasodilator response 
was prolonged, the increase in volume of the spleen also persisted (Fig. 3.4). 

Atropinized spleens. Farber (1936) found that acetylcholine in doses of 
0-5-4 mg injected into the splenic artery of the atropinized dog caused 
contraction of the spleen. In our experiments atropine, in doses of 2-5 mg 
(0-16-0-3 mg/kg) intravenously, invariably abolished the increase in 
splenic volume evoked by the small doses of acetylcholine. When the 
response to acetylcholine was diphasic, atropine also reduced or abolished 
the decrease in volume (Fig. 3.4, B). If the dose of acetylcholine was now — 
increased a reduction in volume invariably reappeared at a dose level 
!-5-10 times that required to evoke the same response before atropine 
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(eight experiments). This effect, occurring in atropinized preparations, did 
not appear to be caused by the larger doses of acetylcholine overcoming 
the atropine block, because it could still be obtained after a second 
dose of atropine, although occasionally it was then slightly reduced 
(Fig. 3B, C). 


Fig. 2. Dog, m, 14:9 kg. Dial-Nembutal. Innervated spleen with natural blood 
supply. The effects of acetylcholine in doses of 5, 15, 50 and 100 yg injected into 
the splenic artery. In this and in subsequent figures: 8.V. = splenic volume 
(increase in volume upwards); 8.V.P. = splenic venous pressure; 8.A. flow = 
splenic arterial blood flow; B.P. = femoral arterial blood pressure. 


Atropine. Atropine Hexamethonium 


Fig. 3. Dog, f, 12-0kg. Dial-Nembutal. Perfusion of the isolated spleen. A-—D 
show the effects of close arterial injections of acetylcholine into the spleen. 
Between A and B, atropine 2 mg injected intravenously. Between B and C, a 
further 2mg atropine. Between C and D hexamethonium, 10 mg/kg, intra- 
venously. 
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The effect of atropine on the acetylcholine vasodilator response was 
variable. Usually the response was abolished, but occasionally acetyl- 
choline initiated rhythmic variations in blood flow (Fig. 3B, C). In other 
experiments acetylcholine caused vasoconstriction in atropinized prepara- 
tions. In this connexion, Hunt (1918) found that the increase in the venous 
outflow caused by acetylcholine in the isolated cat’s spleen perfused at a 
constant head of pressure was abolished by atropine; large doses of acetyl- 
choline after atropine caused a reduction in outflow. 


Fig. 4. Dog, f, 18-0 kg. Dial-Nembutal. Bilaterally adrenalectomized. Perfusion 
of the isolated spleen. Atropine 4mg before recording begun. A, nicotine, 
20 ug. B, acetylcholine, 20 ug. Between B and C, hexamethonium, 10 mg/kg, 
intravenously. C, nicotine, 20 and 40 yg. D, acetylcholine, 20 and 40 yg. £, » 
adrenaline, 0-1 pg. All injections not specified given into the splenic arterial - 
tubing. 


For reasons which will be discussed below, we attribute the small 
inereases in volume of the non-atropinized spleen evoked by acetylcholine, 
not to an action on the capsule, but to a passive effect of vasodilatation in 
the organ. Our finding that acetylcholine evoked large reductions in 
volume is in keeping with the results of previous workers who found that 
acetylcholine caused contraction of isolated strips of the capsule. Our 
results suggest that there are two mechanisms by which acetylcholine 
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causes contraction of the spleen; one of these is abolished by atropine and is 

therefore a muscarine-like action, the other is a nicotine-like effect because 

it is practically unaffected by atropine. This latter response can be 
mimicked by nicotine, 15-20 pg, and by DMPP, 2-10 yg (Figs. 4.4, 5C). 


Hexamethonium 
Fig. 5. Dog, m, 11-2 kg. Morphine-chloralose. Perfusion of the isolated spleen. 
Atropine, 6 mg, before recording begun. A, electrical stimulation of the splenic 
nerve, 8 V, 0:2 msec, 100 c/s. B, noradrenaline, 1 yg. Between CO and D, hexa- 
methonium, 10 mg/kg, intravenously. C and D, DMPP, 5 yg. All injections not 
specified given into splenic arterial tubing. Initial volume of spleen about 150 ml. 


The effect of a ganglionic-blocking agent 

It was reported by Fotino & Stoiculesco (1956) that the acetylcholine 
contraction of the spleen was unaffected by hexamethonium. Our results 
indicate that the effect is dependent on whether or not atropine was given 
previously. 

Non-atropinized spleens. The effect of hexamethonium, 10 mg/kg intra- 
venously, was tested in three preparations. It was found that the increase 
in volume of the spleen and the vasodilatation produced by threshold doses 
of acetylcholine were unaffected by hexamethonium. The contraction of 
the spleen with larger doses also persisted. Since these effects were 
abolished by a subsequent injection of atropine, these findings provide 

further evidence that the contraction of the spleen is in part due to a 
muscarine-like effect of acetylcholine, whose site oe action must be peri- 
pheral to the ganglia. 
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Atropimized spleens. Hexamethonium. invariably abolished the con- 
traction of the spleen evoked by acetylcholine, nicotine, and by DMPP. 
The effects are illustrated by Figs. 3C, D, 4 and 5C, D. The increase in 
splenic vascular resistance produced by these substances was also abolished 
(Fig. 5C, D). On the other hand, hexamethonium had no appreciable 
effect on the contraction caused by splenic nerve stimulation. 


Effect of anticholinesterases 


In two atropinized preparations the contraction of the spleen produced 
by acetylcholine was potentiated by eserine in doses of 0-06 and 0-07 mg/kg 
intravenously respectively. A similar result was obtained in two other 
atropinized preparations with TEPP, 0-1 mg/kg intravenously. 


| Effect of anti-adrenaline drugs 
_ In two atropinized preparations the effect of acetylcholine and nicotine — 
was tested before and after intravenous injection of dibenzyline in doses 
of 10 and 15 mg/kg respectively. In both experiments the contraction of 
the spleen was considerably reduced. The small residual effect which 
occurred may be due to dibenzyline incompletely blocking transmission at 
sympathetic post-ganglionic nerve endings. This view is supported by the 
fact that these doses of dibenzyline did not completely abolish the con- 
traction of the spleen evoked by close arterial injection of noradrenaline or 
by electrical stimulation of the splenic nerve. The normal responses to 
noradrenaline, and splenic nerve stimulation are shown in Fig. 5A, B. 
In one further experiment in which the spleen was naturally perfused, 
thereby obviating the need to. give heparin, dibenamine abolished the 
contraction of the atropinized spleen produced. by 150 yg acetylcholine 
injected into the splenic artery (Fig. 6). These results indicate therefore 
that the effect of nicotine and the nicotine-like effect of acetylcholine are 
reduced or abolished by agents opposing the effects of adrenaline and 
noradrenaline. 


Effect of chronic denervation of the spleen 


Since the majority of sympathetic preganglionic fibres to the spleen 
relay in the coeliac plexus, division of the splenic nerve at the level of the 
origin of the splenic artery would result in degeneration of post-ganglionic 
fibres with their cells in this plexus. Aberrant ganglion cells situated along 
the course of the splenic artery would not, however, be affected (Kuntz & 
Jacobs, 1955). 

In three atropinized spleens which had been denervated at a previous 
operation (see Methods), neither acetylcholine, nicotine nor DMPP in 

doses up to 50 pg had any effect on the volume of the spleen. In one 
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experiment large doses of acetylcholine of 0-5 and 1 mg were tested and 
these caused small reductions of about 2 ml. in the volume of the spleen 
followed by an increase. The absence of any response to injection of these 
drugs was not due to the preparation being unresponsive to drugs, because 
0-5 yg doses of noradrenaline had profound effects. 


Dibenamine 


Fig. 6. Dog, m, 14:9kg. Dial-Nembutal. Innervated spleen with natural blood 
supply. Atropine 4 mg before recording begun. A and B show the effects of close 
arterial injection of acetylcholine, 150 ug, into the spleen. Between A and B, 
dibenamine, 400 mg, intravenously. A period of 1 hr 15 min elapsed between the 
injections of dibenamine and acetylcholine in B. 


Effect of reserpine 

The response of the atropinized spleen to acetylcholine, in doses of 
25-150 wg, was reduced but not abolished by reserpine. In two of these 
experiments the spleen failed to respond to nerve stimulation, but in the 
third experiment stimulation of the splenic nerve caused a small diminu- 
tion.in volume, indicating incomplete depletion of the stores of catechol 
amines. It is of interest to note that Burn & Rand (1960) were rarely able 
to abolish the contraction of the spleen of the cat in response to stimu- 
lation of the splenic nerve by treatment with reserpine. 


DISCUSSION 
Our results have shown that the smallest effective dose of acetylcholine 
almost invariably causes an increase in volume of the spleen; with larger 
doses this is followed by contraction, and with still larger doses only con- 
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traction takes place. These effects occur not only in acutely denervated 
spleens, but also in the naturally perfused, innervated spleen. Since all 
injections were made into the splenic artery the responses must be the result 
of a direct effect on the spleen or on structures in the splenic pedicle. 

The increase in splenic volume with small doses of acetylcholine may be 
due to a passive distension of the organ through dilatation of its blood 
vessels, since the increases in volume were always accompanied by vaso- 
dilatation, and the two effects occurred simultaneously. Moreover, both 
the vasodilator response and the increase in splenic volume caused by 
acetylcholine were unaffected by hexamethonium but were abolished by 
atropine. Finally, previous workers have shown that in isolated strips of 
spleen, acetylcholine causes contraction, not relaxation (Fredericq, 1929; 
Vairel, 1933; Saad, 1935; Ferguson et al. 1936; Brandon & Rand, 1961). 

Bacq & Fredericq (1935) were also of the opinion that the increase in - 
volume of the spleen evoked by acetylcholine was due to vasodilatation in 
the organ. Grindlay, Herrick & Baldes (1939) made simultaneous measure- 
ments of splenic arterial and venous blood flow and of splenic volume in © 
dogs, and presented evidence which suggested that the rhythmic volume 
changes were caused, not by alterations in the tone of the capsule, but by 
variations in blood flow through the spleen. 

The contraction of the spleen produced by larger doses of acetylcholine 
is due to two different actions: (1) a muscarine-like action on the capsule 
of the spleen, which is abolished by atropine (Dale, 1914) but unaffected 
by hexamethonium ; (2) a nicotine-like effect seen in the atropinized spleen, 
which can be mimicked by nicotine and DMPP, and is abolished by hexa- 
methonium. These nicotine-like substances also mimic the effects produced 
by splenic nerve stimulation and by adrenaline and noradrenaline, and 
since they become ineffective after chronic denervation of the spleen, they 
must act somewhere on the nerve supply to the organ. It seems unlikely 
that the vagus plays any part, because there appears to be no evidence . 
for any definite action of the vagus nerve on the spleen (Schafer & Moore, 
1896; Masuda, 1927). Furthermore, Utterback (1944) found no change in 
the number of myelinated and non-myelinated fibres in the splenic nerve 
after degenerative section of both vagus nerves below the level of the 
diaphragm. Presumably, therefore, these substances act through the 
sympathetic nervous system. 

There are four possible mechanisms by which nicotine-like substances 
may cause contraction of the spleen, namely stimulation of (1) sympathetic 
ganglion cells; (2) sympathetic post-ganglionic nerve fibres or endings in 
continuity ; (3) sensory nerve endings, with the initiation of an axon reflex ; 
and (4) a release of adrenaline or noradrenaline from stores beyond the 


nerve endings. 
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There is some evidence in favour of the view that the nicotine-like action 
of acetylcholine on the spleen is the result of stimulation of peripheral 
ganglion cells situated in the vascular bed of the splenic artery. Ambache 
(1951) has suggested that the inhibitory action of nicotine on the intestine 
might be due to stimulation of local adrenergic ganglion cells, since it was 
abolished by hexamethonium and by large doses of nicotine. We have 
shown that, in atropinized spleen preparations, (1) the acetylcholine con- 
traction of the spleen is potentiated by anticholinesterases and is abolished 
by hexamethonium; (2) ganglion-stimulating drugs such as nicotine and 
DMPP cause contraction of the spleen, which is also abolished by hexa- 
methonium, and by anti-adrenaline drugs such as dibenzyline or diben- 
amine. On the other hand, this view which would ascribe the nicotine-like 
effect of acetylcholine on the spleen to an action on ganglia situated in 
either the spleen or splenic pedicle is contrary to the generally held concepts 
of the organization of the sympathetic nervous system, which assume that 
all preganglionic sympathetic fibres traversing the coeliac plexus relay in 
this plexus; the post-ganglionic fibres issuing from it then proceed to the 
organ which they innervate. With regard to the spleen, this view is supported 
by the work of Glaser (1928), Riegele (1929) and of Utterback (1944). 
Langley (1896), on the other hand, found in the cat small ganglia along the 
course of nerve strands from the solar ganglia. He states, ‘I have no doubt 
that some of the splanchnic fibres run on past the solar ganglia to be 
connected with more peripheral ganglia, just as some fibres run through 
the inferior mesenteric ganglia on their way to more peripheral ganglia’. 
Evidence for sympathetic nerve fibres passing through the coeliac ganglion 
and relaying more peripherally was also obtained by Babkin, Hebb & 
Sergeyeva (1939). More recently, Kuntz & Jacobs (1955) have demon- 
strated by histological methods the presence of ganglia along the course of 
the splenic artery in the cat and rat, although not in man. At our request, 
the late Dr A. Kuntz very kindly examined the nerves accompanying the 
splenic artery in the dog for ganglion cells. He reported as follows: : 


The first one examined showed a small ganglion in the splenic plexus in which we counted 
forty-seven ganglion cells. This seemed rather meagre, so we examined two more without 
_ finding any ganglion cells. Our findings in the first dog show that ganglia may occur in the 
nerves along the splenic artery. Finding none in the next two dogs was rather disappointing, 
but I do not take this to mean that ganglion cells occur only very rarely in the splenic nerves 
in the dog. 


We regard it as most unlikely, however, that the mechanism of action of 
nicotine-like substances is on ganglion cells in the spleen, for two reasons. 
First, although the histological evidence suggests that ganglion cells are 
not to be found consistently in the dog’s splenic nerve, nicotine-like 
substances regularly caused contraction of the spleen. Secondly, this 
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contraction could not be evoked after degeneration of the nerves to the 
spleen, a procedure which these ganglion cells would be expected to 
survive, 

_ The second possibility, that nicotine-like substances may act on post- 
ganglionic nerves in continuity, is also unlikely because acetylcholine does 
not stimulate isolated frog’s nerve (Lorente de N6, 1944), and Brown & 
MacIntosh (1939) found that the intra-arterial injection of acetylcholine 
fails to set up action potentials in nerves. 

The third possibility is suggested by the fact that acetylcholine and 
nicotine-like substances can excite sensory nerve endings (see Gray & 
Diamond, 1957). The centripetal discharge of impulses evoked by acety]- 
choline is prevented by hexamethonium, and the sensory ending in general 
shows many of the pharmacological properties of a sympathetic ganglion 
cell. The acetylcholine contraction of the spleen might be due to such an 
axon reflex set up by the excitation of sensory nerve endings, but there are, 
of course, difficulties in accepting the existence of such reflexes in the 
spleen. It implies either that sensory receptors form an integral part of the 
peripheral sympathetic system or that there exist in the spleen sensory 
axons, a collateral branch of which supplies the capsule of the organ with 
adrenergic fibres. The only means of deciding between these two possi- 
bilities would be to perform a chronic section of posterior nerve roots of 
such an extent that the spleen is deprived of all afferent connexions. 

Axon reflexes involving post-ganglionic (non-sensory) branching col- 
lateral fibres have been postulated previously to explain the action of 
certain nicotine-like substances (Coon & Rothman, 1940; Ambache & 
Robertson, 1953). Their effects occur in atropinized preparations and are 
abolished by hexamethonium and by chronic denervation of the organ. 

The fourth possibility is that acetylcholine causes contraction of the 
atropinized spleen through the release of adrenaline and noradrenaline 
from stores surrounding the sympathetic nerve endings (see Burn & Rand, 
19596, 1960). Our results have shown that the contraction produced by 
acetylcholine is reduced or abolished after degeneration of the splenic 
nerve and after treatment with reserpine. These procedures also consider- 
ably reduce the noradrenaline content of the spleen (von Euler & Purkhold, 
1951; Burn & Rand, 1959a; Brandon & Rand, 1961). Our finding that the 
response to acetylcholine is abolished by dibenamine and by dibenzyline 
is also in keeping with the view that the nicotine-like effects of acetyl- 
choline on the spleen are due to the release of noradrenaline. Brandon & 
Rand (1961), using the cat’s spleen, have obtained similar results. The site 
of action of acetylcholine and nicotine is at present uncertain. Gillespie & 
Mackenna (1960) have tentatively suggested an action on some form of 

terminal sympathetic nerve network intervening between the oe 
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nerves and the smooth muscle. Our own experiments provide no 
further information, and clearly further work is required to establish 
this point. 


SUMMARY 


1. Close arterial injections have been made into the dog’s spleen isolated 
and perfused with blood at a constant head of pressure. Splenic arterial 
blood flow was measured continuously by means of a rotameter. 

2. The smallest effective doses (0-01—5 yg) of acetylcholine caused a 
small increase in volume of the spleen and a decrease in vascular resistance. 
These effects were abolished by atropine. The increase in volume of the 
spleen is attributed to a passive effect of dilatation of the splenic blood 
vessels. 

3. Larger doses (5-100 yg) of acetylcholine caused contraction of the 
spleen and this response occurred in atropinized preparations. Since nico- 
tine had a similar effect, this action of acetylcholine is due to its nicotine- 
like properties. It was abolished by hexamethonium. 7 

4. When the nicotine-like action of acetylcholine was prevented by 
hexamethonium in non-atropinized preparations, injection of acetylcholine 
still caused contraction of the spleen and this response was now abolished 
by atropine. This suggests that acetylcholine also exerts a muscarine-like 
action directly on the capsule of the spleen. 

5. The contraction of the atropinized spleen by acetylcholine or nicotine 
is abolished by sympatholytic drugs and by degenerative section of the 
nerves to the spleen, and is reduced by treatment with reserpine. 

6. The possibility that the nicotine-like actions of acetylcholine are due 
to the release of noradrenaline is discussed. 

We wish to express our thanks to Mr D. R. Bacon for technical assistance and to Drs 


Brandon and Rand for allowing us to read the manuscript of their paper before publication. 
This work was supported in part by a grant from the Royal Society to one of us (M. de B. D.). 
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THE IMMEDIATE EFFECTS OF ELASTIC LOADS 
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Most accounts of the control of breathing imply that the variations in 
contraction of the respiratory muscles required to produce the movements 
of breathing are dictated by the respiratory centre in the medulla. The 
activity of this centre and the behaviour of the muscles are generally 
regarded as being subject to the two major influences. First, the chemical 
state of the blood governs the level of centre discharge in such a way as 
to control the ventilation. Secondly, the activity of pulmonary stretch - 
receptors transmitted by the vagi governs the depth of each breath by 
inhibiting the inspiratory centre when the lungs are distended to a certain 
volume. 

The behaviour of the respiratory muscles is probably subject to central 
and reflex influences, other than those affecting the respiratory centre, 
which may vary throughout the respiratory cycle. There has, however, 
been no demonstration of such re nor any experimental examina- 
tion of their role in breathing. 

During a study of the ability of conscious human subjects to detect 
sudden added loads to breathing (Campbell, Freedman, Smith & Taylor, 
1961) the addition of the loads affected the tidal volume in a manner which 
was difficult to reconcile with the known mechanisms controlling breathing. 
The work reported in this paper was designed to study this behaviour in 
more detail. 

| METHODS 

Elastic loading. The elastic loads were provided by rigid closed containers in which changes 
in pressure are functions of the changes in gas content according to Boyle’s Law. The smaller 
the container, the greater is the change in pressure for a given change in gas content, i.e. 
the greater is the load. Elastic loads were employed in this study because, at the ends of 
inspiration and expiration when there is no air flow, and the dynamic non-elastic loads are 
absent, changes in tension developed by the inspiratory muscles can be inferred from 
observed changes in the volume of the chest. The loads have been described by their ‘elas- 
tance’ (Bayliss & Robertson, 1939), that is to say, the change in pressure produced by the 
addition or removal of gas of unit volume at ambient pressure (em H,0O/1.). 

The apparatus (Figure 1 and Table 1). A number of empty oil drums, varying in volume 


from 2-5 to 50 Imp. Gallons (11-4--227-5 1.), were connected in parallel by wide-bore (2-5cm i.d.) 
thick-walled rubber tubing. The number of drums in connexion with the main circuit could 
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Fig. 1. Arrangement of the apparatus (diagrammatic, for description see text). The 
drums are shown at the bottom, the numbers referring to their volume in Imperial 
Gallons. Tap A was used to switch the subject into the drum circuit ; tap B to switch 
the subject from the control load (50) to the others; taps C, D, E to provide the 
requisite added loads; tap E was also used to maintain the drums at atmospheric 
pressure between applications. CO,, CO, absorber. 


TABLE 1 
Elastance 
Volume of drum* Volume of rest (cm H,O/1.) 
A + of circuit to A 
(Imp. Gallons) (1.) valve (1.) Calculated Observed 
50 227-5 155 4-45 4°75 
15 68-0 1-6 14-9 14-0 
5 22-8 1-5 45:6 36-0 
(2-5) (11-4) 1-4 (91-5) 46-0 


Dimensions of the drums 3 
* The values quoted for volume are the trade descriptions of the drums. 15 gallons were 
obtained by using three 5-gallon drums in parallel. The ‘2-5’-gallon drum was a 5-gallon drum 
approximately half-filled with water (water being added until an elastance of 46 cm H,O/I. 
was obtained). An elastance of 23cm H,0/l. was produced when the 5- and 2-5-gallon 
drums were in parallel. | 
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be adjusted by operating taps. The subject breathed from the drums through a circuii 


containing a circulating fan, a CO, absorber and a lead from an O, cylinder from which O, 
was supplied at a rate slightly in excess of the subject’s oxygen consumption. In parallel 
with the CO, absorber there was an expiratory valve. The fall in pressure produced at the 
mouth-piece by inspiration closed the valve, and it remained closed until, towards the end of 
expiration, the pressure in the whole circuit exceeded the opening pressure of the valve 
and the back pressure of the spirometer. The effect of this arrangement was to produce a 
constant end-expiratory pressure in the whole circuit. Any air expired by the subject in 
excess of that inspired (plus the O, flow) was collected in the spirometer and recorded on a 
kymograph. The opening pressure of the valve varied less than + 0-2 cm H,O during an 
experiment. This variation can have little physiological effect. It caused no error, because 
all relevant pressure and volume deflexions were individually measured. 

The pressure at the mouth-piece was measured with a rubber membrane manometer of 
10 cm diameter and a lever writing on the kymograph. The response of this arrangement 
was faithful up to 2 c/s. The recorded deflexion was 1 cm/cm H,O at ambient pressures, 
falling to a quarter of this at 20 cm H,O. : 

Subjects. The conscious subjects were nine healthy men, aged 21-34. They were studied 
while reclining in an arm chair breathing through a mouth-piece. The anaesthetized subjects 
were two men and one woman, aged 29-46, who had noclinical or radiological evidence of lung 
disease. They were studied supine immediately before operation. After premedication with 
pethidine and hyoscine, anaesthesia was induced with sodium thiopentone and maintained 
with thiopentone or halothane. Respiratory paralysis was induced with succinylcholine, and 
a cuffed endotracheal tube was inserted through which the subject was connected to the 
circuit. 

The measurement of thoracic elastance. The total thoracic elastance of the anaesthetized 
subjects was measured in the following way immediately after intubation, while the sub- 
jects were still paralysed. The pressure was increased and measured (P,) in one of the drums 
of the circuit; the subject’s endotracheal tube connexion was opened to the air for a few 
seconds to bring the pressure in the lungs to atmospheric pressure (P,); the drum was then 
connected with the subject’s lungs. The pressure was allowed to equilibrate and was mea- 
sured (P,) after 3-6 sec. The volume of air taken in by the subject’s lungs (AV) was calcu- 
lated, knowing the elastance of the drum, from P,—P,. The change in pressure in the sub- 
ject’s lungs (AP) was P,—P,; hence the elastance (AP/AV) could be derived. This method 
underestimates the volume of air entering the subject’s chest (and thus overestimates the 
elastance) by a percentage of 100 x (P,—P,)/P,), where the pressures are in absolute units. 
As the final pressures (P,) were always less than 10 cm H,O above P, the error was less than 
1%. Attempts were made to measure the total thoracic elastance of the conscious subjects 
in several ways. None gave reliable results. 

Calibration of added elastic loads. When the larger drums were in communication, the 
elastance of the circuit. was close to that calculated from their volumes. However, as the 
volume in communication was reduced, the compliance of the rubber tubing of the circuit 
caused the true elastance to fall below that calculated. The elastance values attributed to 
the various combinations of drums used in the experiment were therefore directly measured 
by adding or withdrawing known volumes of air measured at ambient pressure, and 
measuring the pressure changes (Table 1). 

Calculation of tidal volume. Knowledge of the elastance of the various circuit arrangements 
enabled tidal volumes to be calculated from the pressure record. Thus a change in pressure 
from 0 to —10cm H,O while inspiring from an elastance of 23 cm H,0O/1. implies a tidal 
volume of (10 + 231.) = 435ml. This technique involves a number of errors, none of which 
is important in the present study. 

First, the method of calculation described above negiects the expansion of the gas in the 
lungs produced by the fall in pressure during inspiration. The error introduced by neglect 
of this factor depends upon the pressure change and the functional residual capacity (FRC) 
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of the lungs. If we assume a high normal value for the FRC (3 1.) and if we take the highest 
observed fall in pressure (30 cm H,O) the maximum likely error would be an underestima- 
tion by 90 ml. in a tidal volume of 600 ml. at an elastance of 46 cm H,O/1. If we assume an 
FRO of 21, and take an average pressure swing (11 cm H,O) then the error would be 
20 ml. in a tidal volume of 500 ml. at an elastance of 23 em H,O/1. We have not corrected 
for this factor, first because of lack of knowledge of the volume of gas in the lungs; secondly, 
because the error is small over the main range of observations; and thirdly, because the 
effect of taking it into account would only be to magnify the effects to be described. 

Secondly, the method of calculation neglects the increase in volume of the gas removed 
from the drums as a result of the fall in its pressure. The error introduced, expressed as a 
percentage, is 100 x (barometric pressure — observed pressure) + barometric pressure. As 
the difference between observed and barometric pressure never exceeded 30 cm H,O the 
error is less than 3 % of the calculated tidal volume. We have not corrected for this factor 
because we consider it to be negligible and because the effect of taking it into account would 
only be to magnify the effects to be described. 

Thirdly, the method of calculating tidal volume neglects the expansion of the air as it 
increases in temperature on passing from the circuit into the lungs. The temperature at the 
entry to the drums did not vary during a prolonged period of rebreathing. In the circuit 
closer to the subject it occasionally reached 2-3 °C above that of the room, and prevented 
the usual simple correction from ATPS to BTPS from being applied. For this reason, and 
because any correction would have a negligible effect on comparisons of tidal volume, we 
decided to ignore the influence of temperature. 

Fourthly, the continuous feed of oxygen into the circuit might have caused errors had it 
been large or had it varied with the pressure fluctuations. The rate was monitored with a 
rotameter and varied very little during the pressure fluctuations. The excess inflow may 
have caused an underestimate of up to 3 ml. in some calculated tidal volumes. We consider 
this to be negligible. : 

Finally, there was a random error due to the accuracy of pressure recording. This error 
varied both with the pressure and the elastance. We consider the calculated tidal volumes, 
neglecting the systematic errors discussed above, are correct to +2°5%. 


Procedure 
Control periods were recorded while the subject was rebreathing from the largest drum 


“(elastance 4-75 cm H,0/1.) and the rate of addition of O, was adjusted until it was 50-100 ml./ 


min greater than the subject’s O, consumption, thus producing a downward slope on the 
record (Fig. 2). The required additional load was selected by operating the taps connecting 
the other drums and then, at the end of an expiration, tap B was turned to switch from the 
control elastance to the higher one. After five breaths, again at the end of expiration, the 
subject was returned to the control circuit. In six of the subjects (3 conscious and 3 anaes- 
thetized) four added loads of 14, 23, 36 and 46 cm H,0/l. were each presented six or eight 
times in a factorial manner in order to enable reproducibility of the responses to be assessed. 


RESULTS 


A typical record of the response of an anaesthetized subject to the appli- 
cation of each of the four different elastic loads is shown in Fig. 2. This 
record is representative of those obtained in all subjects. 

The upper trace is the record of pressure changes at the mouth. The 
switching from the control system of containers (elastance 4°75 em/1.) 
to smaller containers is indicated by the development of lower pressures. 
From these pressure records and the values for the elastic loads employed 
the tidal volume of each breath was calculated. Thus a pressure swing of 
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3:4 cm H,0 while breathing from the system of elastance 4:75 cm H,0/l. 
represented a tidal volume of (3-4 + 4-75) 1. = 710 ml., while a larger pressure 
swing of, for example, 22-5 cm H,O while breathing from a system of 
elastance 36 cm H,O/1. represented a tidal volume of (22-5 + 36) |. = 625 ml. 

The lower record is the spirometer trace. The slope downward to the 
right represents the excess oxygen inflow over the oxygen uptake of the 
subject. Upon this general slope the downward deflexions represent the 
expulsion of air into the spirometer which occurred when the lung volume 
was reduced. When the lung volume increased, the spirometer record was 
horizontal until the excess oxygen inflow into the system of containers 
made up for this increase. Thereafter an escape of gas into the spirometer 
was again recorded. | 


Total added 
(cm H,0/ I.) 


Pressure (cm H,O) 


14 


Spirometer record 


1 min 

Fig. 2. Illustrative record from an anaesthetized subject (G.F.). The upper record 
is of pressure at the proximal end of the endotracheal tube. At the beginning the 
subject was rebreathing from the control load (elastance 4°75 cm H,O/1.). Inspira- 
tion produced a downward deflexion. The application of higher loads is indicated. 
The lower record is the spirometer trace, sloping downwards owing to the excess 
O, inflow; volume marker 0-21. Note that the addition of the three highest loads 
caused a progressive increase in pressure swing and the expulsion of air into the 
spirometer, Time marker, 1 min. 
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From records similar to Fig. 2, tidal volumes and changes in end- 
expiratory level were calculated. A reconstruction of the effect upon tidal 
volume and end-expiratory level of an added elastic load is shown in 
Fig. 3. This was made from the mean values of tidal volume of each 
of five breaths for six separate applications of the added elastic load. The 
range is indicated by the vertical line through each end-inspiratory and 
end-expiratory point. Assuming the subject’s relaxed thoracic elastance 
to be equal to the mean of values published (see below) the tidal volume 
predicted to occur if end-inspiratory muscle tension had remained con- 
stant was calculated and is represented by the dotted line. The first 
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Fig. 3. Reconstructed spirogram from a conscious subject. Four control tidal 
volumes (inspiration upwards) followed by 5 tidal volumes from an added load of 
46 cm H,O/l. Mean of 6 experiments, the bars at the ends of the loaded breaths 

_ indicating the range of observations. The interrupted line is the predicted 
spirogram, assuming an average normal elastance and no change in the end-inspira- 
tory or end-expiratory muscle tension. 


breath after the application of the added elastic load was reduced in 
volume, and in this instance was not significantly greater than that pre- 
dicted for an unchanged end-inspiratory muscle tension. However, there 
was an increase in tidal volume above that of the first breath with each 
successive breath. Further, the first expiration after the loaded inspiration 
is to a lower lung volume and this fall in end-expiratory level is also pro- 
gressive with successive breaths. | 


Increased end-inspiratory muscle tension | 


In three conscious and three anaesthetized subjects, the additional 
elastic loads were introduced in a factorial manner. In one of the anaes- 
thetized subjects the results were unsatisfactory because the level of 
anaesthesia varied and the experiment was interrupted by bouts of 
coughing. The results for the other two anaesthetized subjects and the 
three conscious subjects are summarized in Table 2. : 

A graphical representation of some aspects of these results is shown in 
Fig. 4. The ordinate is the ratio of the loaded tidal volume to that of the 
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control period and will be referred to as the tidal volume ratio. The abscissa 
represents the added elastic load, and starts at 4-75 cm H,O/l., the elas- 
tance value of the control system of containers. Values for tidal volume 
ratios are recorded for each of the four elastances for the first and the 
fifth breaths only. The purpose of this figure is to compare the measured 
tidal volumes with those predicted, assuming end-inspiratory muscle 
tension to remain constant. The value of this predicted tidal volume de- 
pends upon the relaxed thoracic elastance and the elastance of the added 
loads. 
Fy. Lily + Ving. Vero (Ely + Elg), 
and By, = Ely + Bh, = Vp, (Ely + Ely); 
where P,, = pressure developed by the inspiratory muscles at the end of 
inspiration during control period, 
P,,, = pressure developed by the inspiratory muscles at the end of 
inspiration during loaded breaths, 
Vr, = control tidal volume, 
Vp, = tidal volume of loaded breaths, 
El, = thoracic elastance, 
El, = elastance of large container used tithe control period 
(4-75 cm H,O/I.), and 
El,, = elastance of smaller container used to produce added load. 
Now, if the tension developed by the we sat muscles at the end of 


inspiration were constant, 


P;,, would equal F,,, and 

Vo, Ely + Ele 

Ely + Ely,” 

In the case of the two anaesthetized subjects the measured values of 
thoracic elastance were substituted and the tidal volume ratios are shown 
as the two curves joining the appropriate symbols. As the attempts to 
measure the thoracic elastance of the conscious subjects were unsatis- 
factory, a range of values taken from the literature was used and provided 

the stippled band with limits of 7-8 and 33 cm H,O/l. elastance. These 
are + 28s.D. of measurements of 90 anaesthetized paralysed subjects accu- 
mulated from the data of Nims, Conner & Comroe (1955), Butler & Smith 
(1957), Howell & Peckett (1957) and Campbell, Nunn & Peckett (1958). 
These subjects, in addition to being paralysed, were also supine and their 


(In these experiments = 


_ average age was greater than our conscious subjects. All these factors 


would tend to make the assumed elastance values higher than those of 
our subjects. The stippled band in Fig. 4 is therefore probably higher 
than the best prediction would be. 

The mean tidal volume ratios for each subject at each level of added 


at 
4 
i, 
3 
i 

st 

Bi 

i 

‘ | 

i 

| 


BREATHING AGAINST ELASTIC LOADS 267 


load on the first and fifth breaths are shown joined by a vertical line. To 
avoid superimposition of points, some have been displaced from the actual 
added elastance value. To maintain their relationship to the predicted 
tidal volume ratios, they were displaced along a line corresponding to 
predicted tidal volume ratio curve rather than horizontally. 


Thoracic elastance cm H,O/I. 


Added elastance cm H,O/I. 


Fig. 4. Observed changes in tidal volumes compared with predicted changes, in 
five subjects at 4 levels of added load (from data in Table 2). Vz, V2, is the ratio 
of the loaded to the control tidal volumes, the control being the tidal volume with 
an added elastance of 4-75 cm H,0/1. Each subject is represented by a character- 
istic symbol (see Table 2). The vertical lines join the average ratios for the first 
(lower point) and fifth (upper point) loaded breath. The stippled band indicates 


the expected range of ratios assuming constant end-inspiratory tension in the 
conscious subjects. The sloping lines —@— and —X— indicate the expected 
ratios for the two anaesthetized subjects. To avoid crowding, sorhe of the points 
have been displaced obliquely (see text). 


The observations which this figure illustrates are: (i) the fifth breath 
was always of larger tidal volume than the first, and (ii) although the tidal 
volume ratios of the first breath were, in most instances, within the range 
representing no increase in end-inspiratory muscle tension, they tend to 
lie in the upper part of the stippled area, suggesting that some increase 
in tension had probably occurred. In one of the anaesthetized subjects 
both the first and fifth breath ratios are above his predicted line; in the 
other the first breath ratios are close to the predicted line, but the fifth 
are well above it. | 

In general, the addition of an inspiratory load caused a greater reduction 
in tidal volume in the anaesthetized than in the conscious subjects, and the 
rate of increase over the five breaths was also reduced. This latter observa- 
tion is represented in more detail in Fig. 5, in which the tidal volumes of 
the second to the fifth loaded breaths are expressed as ratios of the tidal 
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up to periods greater than 3 min. (unpublished observations). 


elastance 16-9 
(Symbol = X) 


J 
Ht. 1-70 m 
S.A. 1-79 m? 
Conscious 


(Symbol = 0) 


M.J., M 

t. 1:90 m 
S.A. 2-20 m? 
Conscious 
(Symbol = 


H.S., M 
Age 33 

Ht. 1-75 m 
S.A, 1-89 m? 
Conscious 


(Symbol = A) 


Control 
tidal 
volume 
( ml.) 
(added Added 
elastance elastance 


4-75) (em H,0/l1.) 
14-0 
(5) 
n=22 230 
36-0 
46-0 
14-0 
(17) 
n=24 23-0 
36-0 
46-0 
810 14-0 
(10) 
n=382 23-0 
36-0 
46-0 
810 14-0 
(30) 
n=23 23-0 
36-0 
46-0 
710 14-0 
(6) 
n=25 23-0 
36-0 
46-0 


Tidal volume (V7,) after adding 
load of breath number 
‘1 2 3 4 5 
4385 465 445 460 455 
(12) (8) (7) (18) (16) 
385 425 425 395 
(10) (7) (27) 
335 355 365 365 390 
(7) (6) (7) (12) 
280 290 320 330 350 
(9) (7) (8) (14) (9) 
585 665 555 580 
(75) (100) (60) (ss) (93) 
445 465 495 540 
(34) (34) (70) (83) (66) 
350 370 420 440 465 
(60) (40) (50) (40) (380) 
340 330 390 415 425 
(20) (85) (80) (55) (40) 
660 670 705 735 720 
(30) (20) (25) (0) (30) 
475 545 560 590 
(60) . (55) (65) (50) 35) 
390 415 480 450 70 
(60) (40) (40) (40) (60) 
295 . 355 390 400 400 
(15) (10) (15) (15) = (20) 
575 660 680 135 730 
(50) (45) (50) (40) (30) 
550 635 630 680 680 
(30) (30) (45) (60) (45) 
370 465 515 515 540 
(25) (20) (35) (15) = (25) 
330 425 405 425 455 
(25) (30) (15) (15) (15) 
745 760 730 745 790 
(30) (35) (30) (20) (30) 
565 675 680 75 
(30) (20) (15) (20) 
485 585 625 650 
(20) (35) (85) (30) (35) 
435 505 560 580 605 
(20) (80) (30) (20) (15) 


TABLE 2. Results in two anaesthetized and three conscious subjects 


volume of the first breath, at two levels of added load. This figure illus- 
trates that the proportionate increase in tidal volume over the five breaths 
is greater when the added load is greater, and also that the rate of increase 
of tidal volume over the five breaths is greater in the conscious than in the 
anaesthetized subject. Further studies show that this difference persists 


Ratio Vax: 


2/C 


0-79 
(0-01) 
0-66 


(0-01) 
0-60 
(0-01) 
0-49 
(0-01) 


3/C 


0-75 
(0-01) 


(0-02) 


Numbers in brackets are the s.z. of the mean value immediately above. In subject J. F the number of measurements 6h 
tidal volume of each breath number following the addition of the load was 8; in all other subjects, it was 6. The contro! 
tidal volumes were measured on breaths throughout the experiments, the number being indicated for each subject. 


| 
Subject 
 G.F..M 0-74 0-78 O77 
3 Age 29 (0-02) (0-02) (0-02) { 
Ht. 185m 0-65 0-72 0-72 0-67 
§.A. 2-14 m? (0-02) (0-02) (0-02) (0-05) | 
. Anaesthetized 0-57 062 062 0-66 | 
a elastance 11-2 (0-01) (0-01) (0-02) (0-02) | 
(Symbol = @) 0-48 054 O56 059 
(0-01) (0-01) (0-02) (0-01) 
M 068 06 064 067 O71 
» Age 46 (0-05) (0-06) (0-04) (0-04) (0-05) 
4Ht.1-88m 051 O54 O57 O57 0-63 
2-34 m* (0-03) (0-03) (0-05) (0-06) (0-04) | 
Anaesthetized 040 0-43 049 O51 0-54 
(0-06) (0-04) (0-04) (0-03) (0-08) | 
0:39 038 045 O47 050 
(0-02) (0-09) (0-03) (0-05) (0-03) 
082 082 087 O91 088 
(0-04) (0-08) (0-03) (0-03) (0-04) 
059 O67 069 O70 O73 
(0-04) (0-08) (0-03) (0-03) (0-02) 
048 O51 O53 056 058 
i (0-04) (0-03) (0-03) (0-03) (0-04) 
037 043 048 O50 
Fr (0-03) (0-04) (0-03) (0-02) (0-03) 
0-71 O82 084 O91 090 
by (0-07) (0-06) (0-06) (0-05) (0-04) | 
068 078 O78 084 084 § 
(0-04) (004) (0-06) (0-07) (0-06) f 
0-46 O58 064 063 067 
(0-06) (0-04) (0-05) (0-03) (0-04) } 
041 O52 0:50 O52 0:56 
(0-06) (0-06) (0-03) (0-03) (0-08) J 
103 106. 102 105 1-10 
(0-03) (0-04) (0-03) (0-02) (0-02) | 
0-79 094 095 095 0-04 
(0-04) (0-02) (0-01). (0-02) (0-02) 
0-68 O81 O87 O91 O41 
(0-03) (0-04) (0-04) (0-03) (0-04) 
061 O70 O78 O81 084 
(0-03) (0-04) (0-04) (0-02) Hil 
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Added elastance 
14 cm H,O/I 


19 


Fig. 5. Progressive increase in tidal volume after loading. V.2:V_ is the ratio of 
the tidal volume of the second (third, fourth, fifth) loaded breath to the tidal 
volume of the first loaded breath. ©, conscious subject; @, anaesthetized subject. 
Mean values of 8 determinations in the conscious and 6 in the anaesthetized 
subject; vertical bars indicate +1s.£. of mean. Only the findings with lowest 
and highest loads are shown. 


Fall in end-expiratory level . 

An expulsion of air into the spirometer at the end of the first loaded 
breath (Fig. 2) occurred in all subjects. This represents a fall in the end- 
expiratory level (Fig. 3). This fall in level was greater when the larger 
elastances were employed and during the first and second breaths. The fall 
seemed to be greater in the conscious than in the anaesthetized subjects, 
but our data are insufficient to be confident. In no subject was the fall in 
end-expiratory level greater than 200 ml. 


DISCUSSION 


The most conspicuous feature of the response to inspiratory loading was 
the progressive development of increased tension by the inspiratory 
muscles which is inferred from changes in the volume of the breaths im- 
mediately following the addition of a load. A number of possibilities must 
be considered when seeking to explain this observation. First, it might be 
a simple mechanical consequence of the loading, or, secondly, it might be 
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due to the properties of muscle which is known to develop greater tension 


when shortening is impeded. Both these possibilities are excluded by the 
progressive nature of the response, which implies a mechanism which 
changes from breath to breath. Neither the mechanical conditions of the 
experiment, nor the properties of muscle change in this way. The increase 
of tension developing in this manner must represent increased activity of 
the « neurones supplying the inspiratory muscles. There are several 
possible causes for this. The first is that the underventilation produced by 
the added loading leads to increased chemical stimulation of the medullary 
or peripheral chemoreceptors with resultant increased stimulation of the 
spinal neurones. However, the CO, and O, tensions in the blood perfusing 
the main or peripheral chemoreceptors would be unlikely to be affected 
by the reduced ventilation within the period occupied by five breaths. We 
further excluded this possibility by measuring the tidal volumes of two 
of the conscious subjects who were subjected to a greater reduction in 
alveolar ventilation produced without mechanical loading. This was 
achieved by suddenly interposing a large dead space (1300 ml.) between 
the mouth-piece and valves of a closed-circuit spirometer system. In 
neither subject was there a detectable increase in tidal volume, nor, 
therefore, in inspiratory muscle tension, until the sixth breath after 
adding the dead space. Increases comparable with those seen after 
elastic loading did not occur until the tenth to twelfth breath. — 

The response to loading is more in keeping with an entirely nervous 
reflex than any of the above possibilities. The most obvious reflex mechan- 
ism to consider is one arising from stretch or similar receptors in the lungs, 
whose afferents pass in the vagi. Superficially, an explanation based on 
such a mechanism appears plausible. The limitation of inspiration by the 


added load would decrease the distension of the lungs and reduce the 


afferent discharge from stretch receptors, thus allowing greater activity 
of the inspiratory centre before inhibition occurs. There are three reasons 
for questioning this interpretation. First, such a simple mechanism would 
not require five breaths to develop its response. There may be some re- 
setting of the relevant sensory endings in the lungs as the end-expiratory 
volume is reduced. There is no evidence in the literature of such behaviour 
and if it were invoked to explain our findings it would also imply that 
increasing end-expiratory lung volume should reduce end-inspiratory 
lung volume. This does not occur. Secondly, there was no change in 
the respiratory frequency when inspiration was loaded in a similar manner 
in anaesthetized subjects. Such a mechanism would almost certainly 
cause a prolongation of inspiration and slowing of the breathing, as well 
as increased force of inspiration. Thirdly, a similar progressive increase 
in tidal volume occurs in the rabbit, in response to elastic loading, and 
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persists after vagotomy. (These findings will be described in a later 
paper.) 

The above evidence argues against the response being mediated by 
changes in the activity of pulmonary stretch receptors. Conditions at 
other intrathoracic structures are also affected by the added loads, and 
reflexes might arise, for example, from sites in the circulation whose 
pressures may alter. Such possibilities appear unlikely, particularly if 
similar responses occur after vagotomy. __ | 

The increased tidal volume observed in the rabbit in response to in- 
spiratory obstruction after vagotomy, referred to above, suggests that 
there are reflexes arising in thoracic cage structures capable of subserving 
the response to inspiratory loading observed in man. The receptors and 
pathways involved have not been identified, but the progressive breath 
by breath development of the response to inspiratory loading described 


_ in this paper suggests that the reflex pathway is a complex one, and may 


involve higher levels of the neuraxis. Whether or not it involves the 


' ‘respiratory centre’ does not seem to us a question worth considering. The 


central control of breathing is now known to involve so many parts of the 
brain, particularly the reticular formation (Liljestrand, 1958) that the 
concept of a ‘centre’ may be outmoded. The results, in fact, suggest that 
experiments designed to study the ‘sensitivity of the respiratory centre’ 
to various stimuli must be critically re-assessed. During the period from 
the first breath after loading until a new steady state would have been 
reached, the ventilation, work of breathing and metabolism of the respira- 
tory muscles must all have been changing in our subjects in a manner that 
bore little relationship to the chemical state of the blood. It therefore 
becomes questionable if even steady state conditions can be used with 
confidence to examine the ‘sensitivity’ of any chemoreceptors. The ventila- 
tory response to such stimuli may depend upon alterations at other sites, 
including those responsible for the effects we are studying. It is difficult 
to evade the impression that the respiratory stimulus or signal rhythmic- 
ally generated in some part of the brain is, in effect, a demand for a certain 
tidal volume, and that we are studying the speed and completeness of 
response of a stabilizing mechanism. Teleologically such a mechanism of 
ventilatory control would seem much more desirable than that conven- 
tionally envisaged, in that the changes in the chemical state of the blood 
and a resetting of the chemoreceptors would not be required when ventila- 
tion is temporarily interfered with by postural changes, speech, eating, etc. 

A second feature of the results requiring discussion is the reduction in 
end-expiratory lung volume during loading. This may be due to changes in 
thoracic blood volume (see below) or to changes in muscle tension which 
could either be due to more complete relaxation of the inspiratory muscles, 
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contraction of expiratory muscles, or both. Active expiration is improbable 
for the following reasons. First, the fall in volume did not exceed 200 ml. 
This degree of change commonly occurs when anaesthetized subjects are 
paralysed (J. B. L. Howell and B. W. Peckett, unpublished). This observa- 
tion suggests a persistence of tone in the inspiratory muscles at the end of 
expiration, which, if removed, could account for the fall in end-expiratory 
lung volume observed in the present experiments. Secondly, recordings 
of intragastric pressure and the electromyogram of the abdominal muscles 
in one of the subjects did not provide evidence of active expiratory efforts. 
Active expiration cannot be completely excluded by such observations, 


because the techniques may not be sufficiently sensitive to detect small 


amounts of expiratory muscular activity. 


Possible influence of changes in thoracic blood volume 


Inspiration from a closed chamber resembles ‘negative pressure’ 
breathing in that the reduced intrathoracic pressure would tend to draw 
blood into the thorax. Conclusions about the changes in thoracic volume 
based on spirometry, which only indicates gas volume, may therefore be in 
error. The effect of this factor on our interpretation would depend on the 
pattern of variation of intrathoracic blood volume. Several patterns of 
respiratory variation in intrathoracic blood volume can be envisaged as 
following the addition of an elastic load. None of them can explain our 
results and most of them would operate in such a way as to cause the 
calculated changes in thoracic volume to be underestimates. | 

To exclude the possibility that the progressive increase in tidal volume 
is due to a varying shift of blood we made two further observations. First, 
we recorded abdominal and thoracic stethograms, using distensible tubing 
strapped round the trunk. These showed a progressive increase during 
elastic loading. Secondly, we recorded intrathoracic pressure changes by 
means of an oesophageal balloon. This also showed a progressive increase 
in respiratory variation during elastic loading. These observations dispose 
of the possibility that the end-inspiratory muscle tension is constant and 
the increasing tidal (gas) volume is due to a diminishing tidal (blood) 
volume. 


SUMMARY 


1. The breathing of nine conscious and three anaesthetized human . 


subjects was elastically loaded by making them rebreathe from closed 
rigid drums. 

2. The effects of loads of up to 46cm H,O/l. were studied for five 
breaths. Tidal volume and changes in end-expiratory lung volume 
were measured. Changes in the tension developed by the inspiratory 
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muscles at the end of inspiration were inferred from the changes in 
lung volume and the thoracic elastance. . 


3. There was a progressive increase in the tidal volume and, by in- 
ference, in end-inspiratory muscle tension from the first to the fifth loaded 


breath. This effect was greater with larger loads and was greater in the 
conscious subjects. 


4. The end-inspiratory muscle tension was probably increased in the 
first loaded breath in most subjects. 


5, The end-expiratory lung volume fell during the loading, particularly 
with the higher loads, but the fall did not exceed 200 ml. 

6. Explanations for the findings are examined, including a simple 
mechanical effect, the properties of muscle, changes in thoracic blood 
volume, reflex action. The findings are considered to be due to reflex 
action and evidence is presented that this is a somatic reflex not neces- 
sarily involving afferents from the lungs. 

7. A mechanism with the speed of response we have found won tend 
to stabilize ventilation more efficiently than those usually envisaged. 


We are grateful to Mr Rainsford Mowlem for allowing us to study patients under his care, 
and to the subjects for their co-operation. We thank Dr O. W. Hill for critical suggestions. 
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ADENOSINETRIPHOSPHATASE ACTIVITY AND THE ACTIVE 
MOVEMENTS OF ALKALI METAL IONS 


By E. T. DUNHAM* anpI.M.GLYNN | 
From the Physiological Laboratory, University of Cambridge 


(Received 2 November 1960) 


It is now generally accepted that the mammalian red cell, like nerve 
and probably like most cells, maintains its ionic composition by pumping 
potassium inwards and sodium outwards. In red cells there is good 
evidence that the energy for this pumping comes from glycolysis (Danow- 
ski, 1941; Harris, 1941; Maizels, 1949). It is also well known from the 
work of Clarkson & Maizels (1952), Caffrey, Tremblay, Gabrio & Huen- 
nekens (1956), and Herbert (1956), that the red cell membrane possesses 
adenosinetriphosphatase (AT'P-ase) activity. The experiments to be de- 
_ seribed in the present paper were designed to see whether this ATP-ase 
activity is connected with the mechanisms responsible for ion transport. 
A preliminary account of these experiments has already been published 
(Dunham & Glynn, 1960). 

Four features characteristic of the transport system are (Glynn, 1957): 


1. The active movements of sodium and potassium are linked, in the 
sense that the cell is unable to pump sodium out unless potassium is 
available outside to be pumped in (Harris & Maizels, 1951; Shaw, 1954; 
Glynn, 1956). 


2. Active transport is prevented by cardiac glycosides at concentrations 
of about 10-° g/ml. (Schatzmann, 1953; Kahn & Acheson, 1955; Glynn, 
1957b). 


3. Modified cardiac glycosides in which the lactone ring is saturated or 
attached with the « configuration at C,, are much less active, or inactive 
(Glynn, 19575). 


4. At much lower concentrations of glycoside, inhibition can be prevented 
by raising the potassium concentration in the fluid outside the cells 
(Glynn, 19575). 


* U.S. Public Health Service Special Research Fellow. Present address: Department of 
Physiology, Albert Einstein College of Medicine of Yeshiva University, New York City, 
N.Y., U.S.A. 
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Washed human red cell ghosts have been incubated in salt solutions 
containing ATP, and the rate of splitting has been followed by measure- 
ment of the inorganic phosphate formed. The response of the ATP-ase to 
the factors known to affect cation transport has been observed. 


METHODS 
Preparation of ghosts 

First method. Freshly drawn human blood was used in all experiments. Clotting was 
prevented with heparin (‘Pularin’, Evans Medical Supplies) in a concentration of about 
5000 u./100 ml. blood. The blood was centrifuged and the plasma and buffy coat removed 
by suction; the cells were then washed three times with isotonic saline by alternate re- 
suspension and spinning. White cells were almost completely eliminated by removal of the 
top-most layer of cells with the supernatant after each wash. 

The cells were lysed by adding them quickly to 10 volumes of stirred ice-cold glass- 
distilled water containing 0-1 mm cysteine. The haemolysate was allowed to stand for 
10 min, and the cells were then spun down (6 min at 16,000 g) and washed with about 6 
volumes of ice-cold glass-distilled water of which the pH had been adjusted to between 
7-0 and 7-2 and to which a trace of cysteine had been added. The washing was repeated two 
or three times, until the supernatant contained only a trace of pink colour although the 
cells remained definitely pink. Some salt was addéd at this stage (to give a concentration 
between 1/3 isotonic and isotonic) and the suspension was pipetted into the graduated tubes 
in which incubation was to be carried out. The quantity of cells added to each tube was 
generally that which gave a haematocrit of about 10 % during incubation (calculated on the 
_ original volume of the cells, not the volume of the ghosts). The addition of salt before pipetting 
was found to be necessary, since otherwise the ghosts tended to clump, and reproducible 
results could not be obtained. 

Second method. Ghosts prepared by the method just described were usually satisfactory, 
but occasionally the activity was two or three times as great as was expected and there was 
very little inhibition by cardiac glycosides. As will be shown later, this is what would be 
expected if the preparation had been contaminated with calcium ions and, though calcium 
contamination was never demonstrated, it was found that the properties of a supposedly 
contaminated preparation returned towards normal if the cells were washed with an isotonic 
solution of magnesium chloride of a 1 mm solution of ethylenediaminetet tate 

The procedure was therefore modified in that isotonic MgCl, was used to wash the cells 
before lysis, and after lysis strong MgCl, solution was added to make the concentration 
isotonic again, The ghosts were then washed in the usual way with chilled neutral glass- 
distilled water containing a trace of cysteine. 

Third method. Ghosts prepared by the second method always had a normal fraction of 
glycoside-sensitive activity, but the absolute amount of activity was usually rather low 
and occasionally very low—about 1/5 of normal. It was thought that the restoration of 
isotonicity might have made many of the ghosts impermeable to ATP (cf. Székely, Manyai 
& Straub, 1952), and in one preparation whose activity was very low only 1/ 5 of the total 
volume of the ghosts was found to be accessible to ATP. Freezing and thawing increased 
the activity to normal—presumably by making the membranes leaky again—and in the 
third method the ghosts were frozen and thawed twice, after washing but before the addition 
of salt. 

Reagents 

ATP was obtained from the Nutritional Biochemical Corporation, Cleveland, Ohio, and 
was purified on Dowex 1 ion-exchange columns by the following procedure: The ATP 
disodium salt was dissolved in a small quantity of water, and sufficient NaOH added to 
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bring the pH to between 6 and 8. This solution was poured onto 4 cm (1-5 ml.) columns of 
Dowex 1 resin, allowing about 0-25 g ATP per column. Each column was then washed with 
about 50 ml, of a solution 20 and 20m-mole NH,Cl This 
solution brought down traces of a phoric acid and ad horic 
acid, After the ammonium ions had been got rid of by washing each column with ‘about 
20 ml. of distilled water, the ATP was eluted with about 10 ml of chilled 250 mm-HCl. The 
effluent was received in chilled tubes and immediately neutralized with an ice-cold solution 
of trishydroxymethylaminomethane (Tris) hydroxide. The concentration of ATP was 
determined by U.V. absorption measurements at 259my. After use the resin columns were 
washed with about 20 ml of 1 m-HCl and then with water until the pH of the effluent was 
about 5. 

Salts. Except where otharwies stated, the salts used were of ‘analytical reagent grade’. 
The ‘spectroscopically pure’ salts used in some of the experiments were supplied by 
Johnson Matthey and Co. Ltd. 

Cardiac glycosides. Strophanthin was supplied by British Drug Houses Ltd. Scillaren A 
and hexahydroscillaren A were a gift from Messrs Sandoz of Basle. Cymarin and 17«- 
cymarin were a gift from Professor Reichstein of Basle. The glycosides were dissolved in 
80 % ethanol (AR grade), and the alcoholic solutions were diluted with water. 

Tris was the ‘Tris 121 grade’ supplied by the Sigma Chemical Company, St Louis, Missouri. 

Cysteine was supplied by the Nutritional Biochemical rm 

All reagents were made up in glass-distilled water. 


| Procedure 

Incubation was carried out in 5 or 10 ml. graduated tubes with glass stoppers. The reaction 
was generally started by the addition of ATP in a volume of fluid equal to one tenth of the 
total volume, so that the cooling effect was small. At the end of the incubation period the 
tubes were cooled in iced water for 1 min, and then ice-cold 55 % trichloroacetic acid was 
added to make the final concentration 5%, The tubes were kept in iced water until it was 
convenient to spin down the precipitated protein and estimate the inorganic phosphate in 
a portion of the supernatant by the method of Fiske & Subbarow (1925). The cooling before 
the addition of trichloroacetic acid was found to be necessary to get complete deproteiniza- 
tion; if it was omitted the supernatants looked clear after spinning but became cloudy on 
addition of the strongly acid phosphomolybdate. The need to cool could probably have been 
avoided by the use of much larger volumes of more dilute trichloroacetic acid, but this would 
have produced a much larger final volume and so would have decreased the sensitivity of 
the method. The time during which each tube was kept in iced water before analysis was 
noted, and a correction was made for the small non-enzymic breakdown of ATP during 
this period and during the colour development. A small blank correction was also made, 
to allow for the trace of colour developed in supernatants from control tubes to which no 
ATP had been added. Preliminary trials showed that the presence of 1 mm cysteine (the 
concentration used in all experiments) did not affect the phosphate determinations, though 
concentrations of 5 mm or more caused large errors. 

In experiments involving large numbers of tubes, the ATP was added stalls at 15 sec 
intervals at the beginning. of the experiment, and the tubes were removed from the water- 
bath to iced water at 15 sec intervals at the end. Trichloroacetic acid was added to the tubes 
in the same order exactly 1 min later. The large number of tubes used in some of the experi- 
ments and the necessity of washing the syringe at certain stages, to avoid contamination 
of one tube by the contents of another, meant that sometimes the tubes at the end of a 
run had been incubated at 37° C for perhaps 20 min longer than those at the beginning. 
Fortunately, it was found that incubation in the absence of ATP for 1 hr at 37° C led to 
a decrease in enzyme activity of just under 5%, so the change in activity between the 
beginning and end of a run could be neglected. 


Phosphate produced (zmole/30 min) 


di 
t 
: 
20 
1°6 
| 4-4 
1:2 
0-€ 
0-4 
0-2 


Phosphate produced (zmole/30 min) 


ATP-ASE ACTI VITY AND ION MOVEMENTS 277 


RESULTS 


Preliminary experiments (Figs. 1 and 2) showed that, under the con- 
ditions chosen, the amount of phosphate formed in a given time was 
proportional to the quantity of cells present; for a given quantity of cells 
the amount increased linearly with time for 14 hr. In one or two experi- 
ments there was a falling off in activity of between 5 and 10 % during 
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0-5 1:0 15 2:0 
Volume of cells (ml.) Time (min) 
Fig. 1 Fig. 2 
Fig. 1. The effect of enzyme concentration on the rate of liberation of phosphate 
from ATP by red cell ghost ATP-ase. Ghosts’ were prepared by the first method. 
‘Temp. 37-1° C; pH 7:1; ATP 2 mm; Mg 5 mm; Na 132 mm; K 10 mm; cysteine | mm; 
ethylenediaminetet tate 1mm; Tris 28mm. Duration 30 min. O glycoside 
absent; @ strophanthin g/ml. 


Fig. 2. Time curve for the liberation of phosphate from ATP by red cell ghosts 
in the presence and absence of strophanthin. This experiment was done on the 
same preparation and under the same conditions as that shown in Fig. 1: symbols 
as in Fig. 1. | 


the first hour; the reason for this was never discovered. In subsequent 
experiments the amount of phosphate formed by a given quantity of cells 
in a fixed time, usually } hr or 1 hr, was used as a measure of activity. 


The effects of Na, K and cardiac glycosides 
If part of the ATP-ase activity is connected with the pump, and the 
pump only pumps if both sodium and potassium are present, one would 
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expect to find this part of the activity dependent on the presence of both 
sodium and potassium. One might aiso expect that any activity which 
appeared.only in the presence of both sodium and potassium would dis- 
appear on the addition of cardiac glycosides at concentrations known to 
inhibit the pump. These expectations are realized in the results of two 
experiments shown in Table 1. 

It is clear that a large part of the ATP-ase activity occurs in the absence 
of alkali metal ions. Addition of sodium alone has no effect; addition of 
potassium alone has a very slight effect; addition of both together causes 
a marked increase in activity, and this increase is abolished by the cardiac 
glycosides strophanthin and scillaren A. Some similar results have 
recently been reported by Post (1959). 


TaBLE 1. The effects of Na, K and cardiac glycosides on the ATP-ase activity of 


red cell ghosts 
Activity 
[Na] (m-mole 
Expt. no. (mM) (mm) P/1.cells/hr) 

IG. 4 : 0 0 0-75 
0-78 
0 16 0-82 
0-84 
16 0 0-73 
0-83 
16 16 1-34 
1-37 
In the presence of strophanthin 16 16 0-78 
(10-4 g/ml.) 0-85 
RP. 1 | 0 0 0-57 
0 16 0-64 
64 0 0-55 
: 64 16 1-33 
. In the presence of scillaren A 64 16 0-58 


(1:7 x 10-5 g/ml.) 
Conditions of experiments. Ghosts prepared by the third method. Duration 1 hr; temp. 


37° C; pH 7-0; ATP 1-5 mm; Mg 0-5 mm in Expt. IG. 4, 0-96 mm in Expt. RP. 1; cysteine | 


1 mm; Tris to make up 160 mm; ‘Specpure’ Na and K. 


It is convenient, in what follows, to refer to the activity that depends 
on the presence of both sodium and potassium as ‘glycoside-sensitive’ 
and to the remainder as ‘glycoside-insensitive’. This is not meant to imply 
that two separate enzymes are responsible, though they may be. 


The effect of pH | 
Figure 3 shows the effect of pH in the presence and absence of cardiac 
glycosides. The solution was buffered with 35 mm Tris, but over the 
lower range of the curve the buffering was provided mainly by the ATP 
itself. The quantity of hydrogen ions liberated during the hydrolysis was 
calculated to be insufficient to upset the pH in all except the lowest two 
tubes, where a drop of $ in pH probably occurred during the run. 
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The results are not accurate enough to make it worth while to plot the 
difference curve, which would give the pH sensitivity of the glycoside- 
sensitive component, but it is obvious that the effects of pH on the two 
components are not very different. 


12° 
1:0 
0-8 
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Fig. 3. The effect of pH on the ATP-ase activity of red cell ghosts. Ghosts were pre- 
pared by the second method. Temp. 37-:1°C; ATP 1-5mm; Mg 2 mm; K 10 mm; 
cysteine 0-75 mm; Tris 35-3 mm; Na to make up 160mm. Duration 1 hr. 
O glycoside absent; @ +strophanthin 10~* g/ml. In this experiment the reaction 
was started by the addition of the ghost suspension to solutions already con- 
taining ATP. 

Activation by divalent cations 

The ATP-ase studied by Herbert (1956) presumably corresponds to 
our ‘glycoside-insensitive component’, as potassium was not present in 
Herbert’s experiments. Herbert’s enzyme was strongly activated by 
magnesium ions; calcium activated weakly when present alone but 
reversed the activation due to magnesium. 

The results given in Table 2 show that even if sodium and potassium 
are both present there is very little activity in the absence of magnesium. 
The relation between activity and magnesium concentration, both in the 
presence and absence of strophanthin, is shown in Fig. 4. The difference, 


_ Tepresenting the glycoside-sensitive component, is shown as a dotted line. 


constant of this complex, and AH for its formation, by an ingenious method in which the 


Since one way of explaining the activating effect of magnesium is to suppose that a 
complex of Mg and ATP is the true substrate, the concentration of Mg-ATP complex has 
been calculated for each magnesium concentration. From the titration curves of ATP 
between pH 8 and pH 2 in the presence and absence of magnesium, Burton & Krebs (1953) 
conclude that MgATP?- is the principle complex. Burton (1959) has measured the formation 
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TaBLE 2. Dependence of the ATP-ase activity of red cell ghosts on the 


presence of magnesium 
[Mg] Strophanthin 
Expt. no. (mm) (g/mal.) 
DD. 1 
0 0 
0 10-* 
1-5 0 
1-5 10-* 
JD. 1 
0 0 
0 10-4 
2 0 
2 10-4 


is less than the blank.) 
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Conditions of experiments. Ghosts were prepared by the second method and then washed 
three times with a buffered isotonic solution of sodium chloride to get rid of magnesium 
bound to fixed anions. Duration 1 hr; temp. 37°C; pH 7:1; ATP 15mm; Na 120mm; 
K 10 mm; cysteine 1 mm; Tris 30 mm. (The negative signs arise when the colour developed 
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0-1 
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Fig. 4. The effect of Mg on the ATP-ase activity of red cell ghosts. Ghosts were 
prepared by the second method and then washed three times with a buffered 
isotonic solution of sodium chloride to get rid of Mg bound to fixed anions. Temp. 
37° C; pH 7-1; ATP 1-5 mm; Na 120 mm; K 10 my; cysteine 1 mm; Tris 30 mm. 
Duration 1 hr. (©) glycoside absent; (@) strophanthin 10-* g/ml. The difference 
between the two curves is shown by the dotted line, which therefore represents the 


‘glycoside-sensitive’ component. 
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concentration of free magnesium is calculated from the absorption spectrum of 8-hydroxy- 
quinoline present in the solution. From Burton’s data referring to the formation of complex 
at 25°C and pH 8 and in the presence of 100 mm-K, it is possible to calculate that the 


apparent formation constant at 37° C and pH 7 must be about 14000, where the apparent 
formation constant is defined by the ratio | 


[MgATP?-] 
[Mg**][AT tree] 

This figure has been used to calculate the concentration of complex at each concentration 
of magnesium in the present experiments. | 

The falling off in glycoside-sensitive activity at high magnesium concentrations suggests 
that free magnesium might compete with the complex, and, in fact, the observed relationship 
between glycoside-sensitive activity and the concentrations of complex and of free magnesium 
fit simple competitive kinetics very well if K,, (the dissociation constant of the enzyme- 
substrate complex) is 0-077 and K, (the dissociation constant of the enzyme inhibitor 
complex) is 0:84. However, when these values for K,, and K, are used to predict the change 
in glycoside-sensitive activity in an experiment in which total magnesium is kept constant 
and total ATP is increased (see, for example, Fig. 5), the results are wildly out.’ Another 
possibility that has been considered, suggested by the drop in the last point in Fig. 5, is 
that Mg-ATP complex is the substrate and that both free magnesium and free ATP act as 
competitive inhibitors. It should then be possible to find values for three constants, 
K,,, K, and K; (where K, and K, are the dissociation constants of the two enzyme-inhibitor 
complexes) which are compatible with the results of both experiments. In fact this has not 
been possible and the hypothesis must be rejected. 7 : 
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Fig. 5. The effect of ATP concentration on the ATP-ase activity of red cell ghosts. 
Ghosts were prepared by the second method. Temp. 37°C; pH 7-1; Mg 3 mM; 
Na 110 mm; K 10 my; cysteine 1 mm; Tris 30 mM. Duration 1 hr. (O) glycoside 
absent; (@). strophanthin 10~‘ g/ml. The difference between the two curves is 
shown by the dotted line, which therefore represents the ‘glycoside-sensitive 
component. 
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Calcium. In the presence of magnesium quite small amounts of calcium 
increase the ATP-ase activity two- or threefold; higher concentrations of 
calcium lead to inhibition (Fig. 6). The optimum level of calcium depends 
on the magnesium concentration (Fig. 7), being roughly three times as 
high when the magnesium concentration is raised by a factor of three. 
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Fig. 6. The effect of calcium in the presence of magnesium on the ATP-ase activity | 
of red cell ghosts. Ghosts were prepared by the second method. Temp. 37° C; 
pH 7-0; ATP 1-5mm; Mg 2mm; Na 110mm; K 20mm; cysteine 1 mm; Tris 
30mm. Duration 30min. (O) glycoside absent; (@) strophanthin 10- g/ml.; 
(A) K-free, replaced by extra Tris. The difference between the two curves is 
shown by the dotted line, which therefore represents the ‘glycoside-sensitive’ 
component. Semi-log. scale. 


This suggests that the inhibitory effect of calcium depends on a straight 
Mg-Ca competition. The activation by calcium affects only the glycoside- 
insensitive component ; the glycoside-sensitive component is inhibited even 
at low calcium concentrations (Fig. 6). Figure 6 also shows that, as might 


~ 
~ 
‘ 
- 
~ 


| 
| A 
4 
@) 
0-2 
% 
0-1 
1¢ 
| t! 
BE 


ATP-ASE ACTIVITY AND ION MOVEMENTS 283 


be expected, the absence of potassium has much the same otect: 2 as the 
presence of strophanthin. | 
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Fig. 7. The effect of calcium at two different levels of magnesium on the ATP-ase 
activity of red cell ghosts. The dotted lines show the ratio of Ca to Mg. Ghosts 
were prepared by the second method. (The ghost preparation used in this experi- 
ment is different from that used in the experiment shown in Figure 6, and has 
slightly less activity.) Temp. 37° C; pH 7-0; ATP 1-5 mm; Na 110 mm; K 20 mm; 
cysteine 1 mm; Tris 30 mm. Duration | hr. Semi-log. scale. 


Molecular requirements for inhibition 
It was mentioned in the introduction that certain modifications to the 


cardiac glycoside molecule greatly reduce the inhibitory effect on ion 
pumping. The formulae of two glycosides that are powerful inhibitors of 


ion pumping, and of two related compounds that are much less active in 


this respect, are shown on p. 284. 
Figure 8 shows a ‘dose-effect curve’ for the inhibition of the glycoside- 


sensitive component of the ghost ATP-ase by scillaren A. Marked on the 
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ordinate are the effects of 10-*g/ml. of cymarin, 17 «-cymarin, and 
hexahydroscillaren A. It is clear that cymarin and scillaren A are about 
equally effective. Hexahydroscillaren A at a concentration of 10~* g/ml. 
is less effective than scillaren A at 10-? g/ml.—in other words it has less 
than one tenth of the activity. 17«-cymarin has no appreciable effect. 


CH =0 


CH, ‘oH, 


21,0, 21H,,0, 
(rhamnose-glucose) 
Scillaren A* (active) Hexahydroscillaren A 


CH, 


C,H,,0,.0 C,H,,0;.0 H 
(cymarose) 
Cymarin (active) 17a-Cymarin (Allo-cymarin) 

* In the paper by Glynn (19576) the formulae of scillaren A and of emicymarin are 
unfortunately shown with the wrong configuration at C,,. 


So the same molecular features seem to be important for ATP-ase inhibition 
as are important for inhibiting the ion pump, and also, incidentally, for 
‘cardiotonic’ action (Wollenberger, 1954). In this respect the effect of 
cardiac glycosides on the membrane ATP-ase differs from their effect on 
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the viscosity of cardiac actin solutions, for which the molecular require- 


ments are much less stringent (Horvath, Kiraly & Szerb, 1949; Snellman & 
Gelotte, 1950). 


Cymarin (10°¢ g/ml.) —> 


Hexahydro- 
scillaren A g./ml.)—> 


Inhibition (arbitrary units) 


scillaren A concentration (g/ml.) 


17a-Cymarin (10°° g/ml.) —> Ly 


Fig. 8. Features of the cardiac glycoside molecule required for inhibition of red 
cell ghost ATP-ase. The continuous line is a ‘dose-effect’ curve for scillaren A. The 
effects of certain related compounds are shown on the ordinate. Ghosts were pre- 
pared by the third method. Temp. 37-1° C; pH 7-1; ATP 1-5 mm; Mg 1 mm; Na 
64mm; K 16m; cysteine 1 mm; ‘Tris’ 80mm. Duration 1 hr. The tubes were placed 
in the water-bath 45 min before the addition of ATP. Semi-log. scale. 


The effect of potassium on'inhibition by cardiac glycosides 

The fourth feature of the sodium—potassium pump was that inhibition 
by very low concentrations of cardiac glycosides could be prevented by 
raising the potassium concentration outside the cells (Glynn, 19576). The 
effect resembled competitive inhibition, though competition between 
potassium ions and cardiac glycoside molecules does not seem very likely 
and the data did not accurately fit simple competitive kinetics. Table 3 
shows the effect of potassium concentration on the inhibition of the 
glycoside-sensitive component of the ATP-ase by strophanthin at a 
concentration of 5 x 10-8 g/ml. The decrease in inhibition as the potassium 
concentration is raised is striking. Two experiments with slightly higher 
concentrations of strophanthin gave similar results, except that the 
reversal was less complete, and remained incomplete even when the 
potassium concentration was increased further. Thus, with strophanthin 
at a concentration of 10-? g/ml. inhibition of the ‘sensitive’ component 
decreased from about 90°, with 0-25 mm-K+ to 18% with 8 mm-K* and 
then remained at about this level from 15 to 64 mm-K+. With strophanthin 
at 2x 10-7 g/ml. inhibition was 35% at 8 mM-K+, 39% at 16 mm-Kt, and. 
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35% at 32mm-Kt, the differences between these figures not being 
significant. The interpretation of this levelling off is not clear but it 
cannot be explained on simple competitive kinetics. It could conceivably 
be due to a separate non-competitive inhibition, either by strophanthin 
itself or an impurity in the strophanthin preparation. 


TABLE 3. The effect of potassium concentration on inhibition by strophanthin 
of the ‘glycoside-sensitive’ ATP-ase activity of red cell ghosts 


Total Activity in the 
glycoside- presence of 
sensitive strophanthin 
activity (5x g/ml.) 
K concn, — (m-mole P/ (m-mole P/ Inhibition 
(mm) 1. cells/hr) 1. cells/hr) (%) 
0-25 0-188 ; 0-027 86 
0-5 0-364 0-134 63 
1 0-619 0-290 53 
2 0-778 0-498 36 
4 0-855 0-686 20 
8 0-926 0-782 15 
16 1-02 0-823 19 
32 1-04 0-964 7 


Conditions of experiment, Ghosts prepared by the third method. Duration 1 hr; temp. 
37°C; pH 7:2; ATP 15mm; Mg 0-5mm; Na 60 mm; cysteine 1 mm; Tris to make up 
160 mmo. The tubes were placed in the water-bath an hour before the addition of ATP. The 
total glycoside-sensitive activity was determined with 10-* g strophanthin/ml. and at its 
highest accounted for 56 % of the total ATP-ase activity (see Fig. 9). 


Sodium and potassium interaction 

So far nothing has been said about the concentrations of sodium and 
potassium necessary to activate the glycoside-sensitive component of the 
ATP-ase. Figure 9 shows that with 60 mm-Nat+ present the activity in- 
creases with increasing potassium concentration up to about 4 mm-K*+ and 
then levels off. The concentration of potassium for half-maximum activity 
is about 1mm. A similar result is shown by the top curve of Fig. 10. 
When activity is plotted as a function of sodium at a fixed potassium 
concentration of 16 mm (Fig. 11, top curve), activity increases up to about 
32 mm-Na+* and then levels off. The sodium concentration for half-maximum 
activity is about 4mm. However, these statements do not adequately 
summarize the behaviour of the ATP-ase, because the effect of sodium 
concentration depends on the concentration of potassium and vice versa. 
Thus, in Fig. 11, although with 16 mm-K+ activity increases with increasing 
sodium. concentration till 32 mm-Nat+ and then levels off, with only 
0-5 mm-K* there is an optimum at 8 mm-Na‘*, and higher levels of sodium 
give less activity. Similarly, looking at the results in Fig. 11 the other way 
round, with 64 mm-Na+ activity increases as potassium is raised from 
0-5 to 2 to 16 mM, but with 2 mm-Na+ there is slightly less activity at 
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2mm-K* than at 0-5 mm-K+, and less again at 16 mm-K+. Again, in 
Fig. 10, with 64 mm-Na* activity is more than doubled as potassium is 
raised from 0-5 to 8 mm, while with only 2 mm-Na there is a slight decrease 
in activity over this range. 

All these results may be summarized by saying that both sodium and 
potassium are necessary, but that for optimum activity the ratio between 
them must be neither too great nor too small. | | 
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Fig. 9. The effect of potassium concentration on the ATP-ase activity of red cell 
ghosts in the presence and absence of strophanthin. 60 mm-Na; O glycoside 
absent; @ strophanthin 10-‘ g/ml. The results plotted here were obtained on the 
same preparation, under the same conditions and at the same time as those given | 
in Table 3. 


DISCUSSION | 

The dependence of ion transport on glycolysis in some cells, on respira- 
tion in others, and on either in yet others, suggests that energy may be 
supplied to the pump in the form of ATP rather than directly from any 


of the individual steps in glycolysis or respiration. Support for this idea 
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comes from experiments with dinitrophenol. Dinitrophenol uncouples 
respiration from phosphorylation and is found to inhibit ion pumping in 
nerve and nucleated red cells, which depend on respiration, but not in 
mammalian red cells, which depend on glycolysis (Maizels, 1954; Hodgkin 
& Keynes, 1955). Further support for the role of ATP comes from the 
experiments of Caldwell (1956) on squid axons, and of Dunham (1957a, b) 
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Fig. 10. The effect of potassium concentration on the ATP-ase activity of red cell 
ghosts at two different sodium concentrations. Ghosts were prepared by the third 
method. Temp. 37-1°C; pH 7-1; ATP 1-5 mm; Mg 1 mm; cysteine 1 mm; Tris 
to make up 160mm. Na and K were ‘Specpure’ reagents. Duration lhr. Y 
64 mm-Na; O 2 mm-Na; A 0 mm-Na. 


and Whittam (1958) on mammalian red cells, showing a correlation between 
the rate of ion transport and the concentration or rate of splitting of 
‘energy-rich’ phosphate. More direct evidence is provided by experiments 
in which ATP was injected intracellularly into cyanide-poisoned squid 
axons (Caldwell & Keynes, 1957), or incorporated into ‘reconstituted’ 
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ghosts (Gardos, 1954), or removed from intact red cells b isoni 

isoning 
glucose-free cells with iodoacetate and then allowing them io yhaalaere 
late added glucose (Dunham, 1957 b). 


Activity (m-mole P/I. cells/hr) 


8 16 24 32 40 48 56 64 
Na concentration (mM) 


Fig. 11. The effect of sodium concentration on the ATP-ase activity of red cell 
ghosts at three different potassium concentrations. Ghosts were prepared by the 
third method. Temp. 37-2° C; pH 7:2; ATP 1-5 mm; Mg 0-5 mm; cysteine 1 mm; 
Tris to make up 160mm. Na and K were ‘Specpure’ reagents. Duration 1 hr. 
A 16 mm-K, x 2 mm-K, © 0:5 mm-K, @ 16 mm-K+strophanthin 10~ g/ml. 


The results reported in the present paper show that there is a close 
parallelism between the properties of an ATP-ase in the red cell membrane, 
and the properties of the pump responsible for shifting ions across that 
membrane. It is difficult to avoid the conclusion that the action of this 
ATP-ase somehow provides energy for the transport of sodium and 
potassium. 

If, as seems likely, the sodium and potassium ions that activate the 
ATP-ase are also the ions that are pumped across the membrane, then it 
follows that external potassium and internal sodium are the activating ions. 
As the ghosts used in these experiments were highly permeable to sodium 


and potassium, there is no direct evidence on this point, but there is some 
19-2 
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indirect evidence relating to potassium ions. The prevention by potassium 
of glycoside inhibition in intact cells is due to external potassium, because, 
in the relevant experiments, the internal potassium was high and remained 
unchanged. Unless the resemblance between this effect and the potassium 
reversal of ATP-ase inhibition is coincidental, it follows that the prevention 
of ATP-ase inhibition must also be due to eaternal potassium. It is not 
certain that the effects of potassium in activating the ATP-ase and in 
preventing the inhibition of the ATP-ase occur at the same site, but it 
seems likely. 

The interpretation of the rather complicated relationship between 
sodium arid potassium concentration and activity is not clear. If there are 
sites with different affinities for Na+ and K* and if the rate of ATP 
splitting depends on how these sites are filled, then a possible explanation 
would be that too high a ratio of K+ to Na+ displaces Na* from the sodium 
sites and too low a ratio displaces K+ from the potassium sites. However, 
it is not necessary to postulate the existence of sites with different affinities. 


If Tris were unable to reach the sites at which the alkali metal ions © 


exert their effects, the local concentration of each of these ions would 
depend on the concentration of the other and mutual interaction would 
occur. There are other possibilities. A serious limitation of the present 
experiments is that because the ghosts used were highly permeable to 
cations it was not possible to vary the concentration on the two sides of 
the membrane independently. Experiments with relatively impermeable 
ghosts would be helpful. 

It has not been possible to decide whether the ‘glycoside-sensitive’ and 
‘glycoside-insensitive’ components of the ATP-ase are two separate 
enzymes, The ratio between the size of the two components depends on 
_ the magnesium concentration at which activity is measured (Fig. 4). 
Different preparations have slightly different ratios, and in a given 
preparation the ratio of ‘sensitive’ to ‘insensitive’ activity tends to de- 
crease slowly if the enzyme is stored for a week at 5° C. In one experiment 
the fraction of activity that was sensitive to cardiac glycosides was con- 
siderably increased by hypertonicity, but this effect has not been investi- 


gated further. All attempts to extract the ATP-ase into solution have 


failed. Acetone, Morton’s (1955) butanol procedure, various other alcohols 
and digitonin have been tried. Since it has not been possible to detach 
the glycoside-sensitive ATP-ase from the membrane, and, under the 
experimental conditions used, it is likely that individual transport units 
in the membrane remained intact and continued to pump sodium outwards 
and potassium inwards, it may be that any or all of the observed alterations 
in ATP-ase activity resulted from a primary action on some other com- 
ponent of the transport system. This does not affect the argument that 
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_ a close resemblance between the properties of the pump and of the ATP-ase 
points to a role for the ATP-ase in ion transport. 3 

The effect of calcium in very low concentrations is remarkable, though 
whether it has any physiological significance is not clear. It may be 
significant that red cells normally contain no appreciable calcium 
(Ponder, 1948). 

There is evidence that active movements of sodium and potassium 
across nerve and muscle membranes resemble those across the red cell 
membrane in being linked (Keynes, 1954; Hodgkin & Keynes, 1955), 
in being inhibited by cardiac glycosides (Matchett & Johnson, 1954; 
Edwards & Harris, 1957; Caldwell & Keynes, 1959), and, in nerve anyway, 
_ in depending on energy from ATP (Caldwell, 1956; Caldwell & Keynes, 
1957). The question therefore arises whether an ATP-ase similar to that 
in red cells might exist in nerve and muscle membranes. In muscle, 
where it is not possible to get the membrane free from the contents of the 
cell, and where the contents have very considerable ATP-ase activity, 
. this is not going to be an easy question to answer. In nerve, however, there 
is some evidence that such an ATP-ase may exist. Libet, in 1948, de- 
scribed ATP-ase activity in squid axons, and showed that the activity 
remained behind when the axoplasm was extruded. However, nothing is 
known of the effects of alkali metal ions on this enzyme, nor is it known 
whether the activity is in the mitochondria, or attached to the axon 
membrane or even in the neurilemma. Of more interest is the ATP-ase 
described by Skou (1957) in submicroscopic particles obtained from finely 
minced crab nerves. In the presence of magnesium, this ATP-ase is 
activated to some extent by sodium and much more by sodium plus 
‘potassium, and thesé properties led Skou to suggest that the enzyme may 
be responsible for sodium and potassium transport. Unfortunately it is 
not known how the particles carrying the ATP-ase activity are related to 
the original axon membrane. 

The enzyme in the red cell membrane responsible for the splitting of 
ATP has been referred to throughout this paper as an ATP-ase because 
what is observed is the formation of inorganic phosphate. But it is quite 
possible that phosphate transfer occurs first, and is followed more or less 
immediately by hydrolysis. If phosphate transfer does occur, the phos- 
phate must for a time be attached to some constituent of the membrane, 
and it might be possible to identify the phosphorylated compound if the 
ATP split were labelled in the terminal group with ™P. However, as the 
intermediate might be highly unstable, or present only in trace amounts, 
or both, the method might not work. | : 
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SUMMARY 


i, The ATP-ase activity of human red cell ghosts has been shown to 
consist of two components. 

2. The first component requires the presence of magnesium ions but 
occurs in the absence of alkali metal ions and is not inhibited by cardiac 
glycosides. In the presence of magnesium, activity is greatly increased 
by small amounts of calcium but inhibited by larger amounts. 

3. The second component requires the presence of magnesium and also 
of both sodium and potassium ions. It is completely inhibited by cardiac 
glycosides in concentrations sufficient to inhibit ion transport in intact 
red cells. Calcium ions inhibit at both low and high concentrations. 

4, Experiments, with certain modified cardiac glycosides suggest that 
the same molecular features are important for inhibition of the ATP-ase 
as for inhibition of the ion pump. 

5. ATP-ase inhibition by very low concentrations of cardiac glycosides 
is prevented by raising the potassium concentration, just as, in intact 
cells, inhibition of the active potassium influx by low concentrations of 
cardiac glycosides may be prevented by raising the potassium concentration. 

6. The effect of potassium concentration on the glycoside-sensitive 
component of the ATP-ase depends on the concentration of sodium and 
vice versa. 

7. The close resemblance between the properties of the glycoside- 
sensitive ATP-ase and the ion pump suggests that they are intimately 
connected. | 
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‘Appetite’ is a word which may vary considerably in its meaning with 
the context and the user. In this present paper the term refers simply to 
the natural desire for food. This desire, at least in human beings, is 
primarily directed towards replacing the energy which is continually 
being expended; the most important factor, commonly, is therefore the 
calorie value of the food eaten. This is not to say that other factors are 
unimportant. Eating by man is complicated by social customs, meal 
patterns, and so on. In special circumstances a craving for carbohydrate, 
protein or fat, or a mineral or vitamin may become evident, and it is at 
least theoretically possible that they may constantly exert some control 
over the type of diet eaten. Nevertheless, some balance between the 
energy value of the food eaten and the energy dissipated clearly exists. 
And the existence of a balance postulates the existence of some form of 
control. 

The nature of the control which balances the intake of calories against 
expenditure of energy has provoked much speculation and experimentation, 
particularly within the past decade or so. The theories which have been 
proposed to explain the control of the stimuli to eat have concomitantly 


tended to become more refined; the range extends from the apparently 


old-fashioned and relatively crude idea that the mechanism involves con- 
tractions of the stomach to the more complex theories that changes in the 
heat balance of the body or changes in the concentration of various meta- 
bolites in the blood are the effective stimuli (e.g. Carlson, 1916; Brobeck, 
1947; Kennedy, 1952-53; Mayer, 1955b). Whatever the mechanism, 
the end result is obvious. In the words of Janowitz & Grossman (1949-50) 
‘ingestion of food leads to inhibition of the appetitive behaviour and is 
accompanied by a loss of the desire to eat, . . .and (only) under pathological 
conditions (is) this association between the hunger state and desire for 
food...disturbed in the direction of excessive, defective or perverted 
tendencies’. In other words, in physiological conditions, where there 
should be no tendency to excessive or defective eating, one might expect 
the regulation between expenditure and intake to be a finely adjusted 
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mechanism and, equally, the individual to be in weight balance. The calorie 
value of the food eater would, therefore, equal the calories of energy 
expended, with perhaps a small lapse of time in the equation of these two 
quantities. However, in the ordinary life of man, the regulatory mechanisms 
often do not appear to be particularly well adjusted. A very large number 
of people are frequently not in weight balance or are not regulated at their 
ideal weight. The commonest form of maladjustment of this regulation 
manifests itself in the condition of obesity which, although most prevalent 
in societies enjoying a high level of material prosperity, may be found in 
almost any region where food is not universally in short supply. Apart 
from the obvious maladjustment of obesity, many people who remain 
for long periods of time at approximately their ideal weight are probably 
subjectively aware that their intake of calories may vary quite markedly 
on separate days with little apparent relation to changes in their ener 
expenditure. 
Only recently has there become available sufficient information to put 
this subjective impression to test by objective study of actual intake and 
expenditure of energy. Durnin (1957) briefly reported such a study. The 
present paper describes in detail, and discusses the implications of, an 
analysis which has been done on published day-to-day calorie intakes and 
expenditures of several groups of people living under varying circumstances. 


METHODS 

The daily individual intakes and expenditures of calories have been compared in six 
groups of people of different ages and of both sexes, who expended widely dissimilar total 
- amounts of energy. The first group of twelve young women had a mean energy expenditure 
of about 2200 kcal/day (Durnin, Blake & Brockway, 1957). The second group contained 
twelve middle-aged housewives with a mean energy output of 2100 keal/day (Durnin e¢ al. 
1957). The third group of ten male office clerks expended about 2800 kcal/day (Garry, 
Passmore, Warnock & Durnin, 1955). The fourth group of four male students had an 
expenditure of about 3200 kcal/day (Durnin & Brockway, 1959). The fifth was a group of . 
twelve military cadets whose expenditure averaged 3400 kcal/day (Edholm, Fletcher, 
Widdowson & McCance, 1955), and the sixth group consisted of nineteen coal-face miners, 
whose average expenditure was about 3700 kcal/day (Garry et al. 1955). The range of these 
values thus encompasses the energy expenditures of the great majority of adults in this 
country, 

_ Each of the sixty-nine individuals had been studied for 1 week so that there were seven 
consecutive daily determinations, on each subject, of both energy expenditure and calorie 
intake. The methods used to obtain these results were, in all cases, identical. The food 
intake was measured by the individual inventory method and the expenditure of energy 
by indirect calorimetry. Details are given in the respective publications. 

The relationship between the day-to-day intake and expenditure of calories has now been 
analysed statistically for each individual within these groups. This has been done by 
obtaining the correlation coefficient (r) of the two variables and determining its significance 
and also by finding whether there was a significant difference between the intake (2) and 
expenditure (y) of calories. If the intake and expenditure of energy were perfectly adjusted 
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then there would be a highly significant positive correlation between the two and, since 
they would be equal in amount (i.e. z—y = 0), there would be no significant difference 
between them. These statistical calculations have been made (1) by comparing the expendi- 
ture and intake of calories on the same day. Since it is quite possible that there may be 
a delay in the adjustment of intake to expenditure (Mayer, 1955a, b) and since it has been 
suggested that this delayed adjustment possibly occurs | or 2 days after the actual expendi- 
ture (e.g. Edholm et al. 1955), the results have been analysed (2) by comparing food intake 
with the energy expenditure of the previous day and again (3) with the energy expenditure 
of 2 days previously. 


RESULTS | 
The correlation coefficient (r) is given in Table 1 for the ten individual 


subjects in the six groups, where the relationship between intake and | 


expenditure of calories reached significance when these two variables were 


Taste 1. The correlation coefficients (r) of intake and expenditure of calories for all of the 
individual subjects where this reached a statistically significant level. This occurred in 
ten cases out.of the sixty-nine subjects. Intake related to expenditure of the same day 


Signifi- 
Code no cance 
of level 
Group subject : ae (%) 

Young women 7 +0°818 5 
Housewives 2 + 0-928 
3 — 0-850 5 
11. — 0-799 5 
Clerks None 
Students 2 — 0-875 1 
Cadets 1 — 0-823 5 
6 +0889 
Miners 4 +0771 5 
7 + 0-839 5 
16 + 0-867 5 


compared for the same day. Only one of the young women, one middle- 
aged housewife, one cadet and three of the miners showed a significant 
positive correlation; in addition, two housewives, one student and one 
cadet had significant negative correlations of the variables. Therefore, 
out of the sixty-nine individual subjects, fifty-nine show no significant 
correlation whatever between the energy expended on any one day and 
the intake of calories on the same day. When the intake of calories is com- 
pared with the energy expenditure of the previous day, the number of 
individuals showing a significant correlation between these variables 
becomes reduced to 3 or 4; there is no vestige of evidence from these 
results that adjustment of intake to expenditure is postponed by 1 day. 


Intake of calories and the expenditure 2 days previously shows a similar — 


low correlation. _ 
The differences between the mean daily intakes (%) and expenditures (7) 
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of calories over the 7 consecutive days are presented in Table 2 in the case 
of those subjects where these differences are statistically significant. Some 
of these differences were positively significant—the intake exceeded the 
expenditure; negative significance signifies the reverse condition. The 
degree of significance is not always directly related to the amount of the 
difference between % and 7; this is explained by the fact that % might vary 
between 2000 and 4000 keal and also that there might be a greater or less 
extent of variability in this difference—e.g. the difference of — 293 kcal 
in student No. 4 is significant, although a difference of +500 keal in one 
of the clerks was not statistically significant. 


TasBLE 2, The difference between the mean daily intake (%) of calories and the expenditure 
(y) in the individual subjects, where this was statistically significant 


Signifi- 
Code no. cance 
of level 
Group subject (koal) . - {%) 
Young women 4 — 837 
9 —424 1 
12 +488 1 
Housewives —391 § 
“10 — 316 5” 
12 + 225 5 
Clerks 3 + 508 1 
t + 538 5 
5 + 582 1 
Students I — 601 5, 
4 — 293 5 
Cadets 6 + 600 1 
10 + 568 5 
Miners 4 +992 1 
5 — 610 5 
+ 883 5 
ll +870 5 
13 + 962 1 
15 +991 5 
17 +484 5 
DISCUSSION 


A quick and even balance between intake and expenditure of energy 
would give a markedly positive correlation between the two and (%—7) 
would be non-significant. The results, summarized in Table 3, show this 
to be true in only four out of the sixty-nine subjects, one young woman, — 
one middle-aged housewife and two miners. Two typical examples of this 
type of correlation (Type III) are shown in Fig. 1. It is obvious that the 
two variables do not need to follow each other identically to be significantly 
correlated ; it is not an artificial concept. Nevertheless, it seems remarkable 
that such a small proportion of the total numbers of subjects (6 %) should 
fit into this ideal pattern. 
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Fig. 1. Two examples showing a positive and significant correlation between daily th 
intake (x) and expenditure (y) of calories where the mean values did not differ | 
significantly (—Y non-significant (n.s.)). a, Housewife 2: r = +0-928; % = 1915 
keal; 7 = 1764 kcal. b, Miner 7:r = +0-839; & = 4163 keal; 7 = 3940 kcal. 
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On the other hand, forty-one individuals (i.e. 59 %) appear to have no 
significant daily correlation between their energy expenditure and food 


_ intake, although, since intake and expenditure do not differ significantly 


in their mean values over the week, presumably there is some form of 


regulation acting which prevents upset of calorie balance. Figure 2 shows 
two examples of this type (Type 1). 


TaBLE 3. The differing forms of correlation* of intake and expenditure of calories 
shown by the individuals in each group of subjects 


Groups 


~ 


Correlation Young House- 
type women wives Clerks Students Cadets Miners 


I 8 6 » 1 9 10 
II 3 3 3 2 l 6 
IV 2 1 
Total 12 12 10 4 12 19 
Grand total: 69 subjects 
2 % of 
Type r n total 
I n.s. n.8. 41 59 
II n.8. Se 18 26 
Ill +8. n.s. 4 6 
IV —8. n.s. 4 6 
V +s, 8. 2 3 


* s. = significant; n.s. = non-significant; +s. = positively significant; —s. = nega- 
tively significant. 


Figure 3 gives two examples of the eighteen individuals (26 %) classified 


_ as Type II, where there is no significant correlation between daily calorie 


expenditure and intake but where the mean values of the two series of 
measurements differ significantly. This difference shows an insufficiency 
of calorie intake in seven individuals and an excess in the other eleven, so 
that presumably if this were a process continuing over a sufficiently long 
period, these individuals would lose or gain. weight, respectively. An 


analysis of the separate subjects in this category is not very rewarding. 


Three of the four women with a calorie intake less than output were plump 
in physique and might possibly have been deliberately restricting their 
food intake. The other woman and all the men, with one exception 
(miner 17), were normal in build, neither thin nor fat, and were eating their 
normal diet. If the individuals were obese, then this might satisfactorily 
explain either a positive or a negative difference between % and ¥—they — 
might still be gaining weight or they might be trying to lose weight. Where 
there is no evidence of other than a healthy distribution of body tissue, 
theorizing about the significant difference between % and 7 is difficult. 
Four individuals (Fig. 4) have a significant negative correlation between 
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intake of energy and output; again, however, as with the four subjects in 
Type III, with no difference between the mean values for the two measures, 
(Type IV). It is theoretically possible that an individual might have 
fluctuations in daily energy expenditure of such an order that, on the days 


4000 


3000 F 


kcal 


2000 


Mon. Tue. Wed. Thur. Fri. Sat. Sun 
Fig. 2. Two examples where individuals showed no significant correlation between 
daily intake (x) and expenditure (y) of calories and where (%— 7) was non-significant. 
a Cadet 8: r = +0-196; % = 3034 kcal; 7 = 3080 kcal. b Clerk 8: r = —0-274; 
% = 3248 kcal; ¥ = 3168 kcal. 


when this was at a high level, there might be insufficient time or inclination 
- to eat enough, and the deficit might be made up on a subsequent day. This 
would result in a form of graph such as that seen in Fig. 4, but the explana- 
tion is not valid in any of the four cases here. If there is a satisfactory 
interpretation it is difficult to imagine one agreeing with present physio- 
logical explanations of appetite control. | 
Only two individuals fall into Type V, where there is a high positive 
correlation between intake and expenditure but a significant excess of 


inta 
regt 
wou 


thet 


a 
x 
} x \ x 
\ 
\ 
\ 
x y 
. Mon Tue. Wed. Thur Fri Sat Sun 
4000 
b 
y 
Xm 
ae 


REGULATION OF APPETITE IN MAN | 301 


intake over output (Fig. 5). This would suggest a control of appetite 
regulated consistently but at the wrong level. A mechanism such as this 
would explain those cases of obesity which develop over a period and 
then eventually become stable. 
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Fig. 3. Two examples showing no significant correlation between daily intake (z) 
and expenditure (y) of calories but where (7 —7) was significant. In (a), there was 
an excess of intake over expenditure and in (b) a deficiency. a Young woman: 
r= +0°156;% = 2555 kcal; 7 = 2067 kcal; 7-7 significant, P < 0-01. 6 Miner 5: 
r= —0-535; = 3089 kcal; 7 = 3699 kcal; 7-9 significant, P < 0-05. 
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The findings analysed above, if they represent in a reasonably accurate 


way the normal relationship between expenditure and replacement of 


calories in human beings, make total acceptance of any of the current 
explanations of appetite control unsatisfactory. That the results are not 
totally unrepresentative is demonstrated by some other relevant publica- 
tions; for example, the results of Booyens & McCance (1957) show similar 
trends, even in the case of such a well-regulated subject as R.A. McC. 


1500 | | | 
Mon. Tue. Wed. Thur Fri. Sat. Sun 


Fig. 4. An illustration of a negative and significant correlation between intake (x) 
and expenditure (y) of calories where (¢—¥) was non-significant (n.s.). House- 
wife 3:r = —0-850; Z = 1999 kcal; 7 = 2120 kcal. 


5000 


kcal 


2500 Mon. Tue. Thur 


Fig. 5. An individual subject where intake (x) of calories was significantly and 
positively correlated with expenditure (y) but where the mean values differed. 
significantly. Cadet 6: r= +0-889; = 3992 kcal; = 3396 kcal; 
significant, P < 0-01. 
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The values analysed in this paper bear little relation to the much more 
uniform distribution found in studies on lower mammals (e.g. Gasnier & 
Mayer, 1939). Figure 6 shows the scatter of the results (for the young 
women and the housewives) where intake on the abscissa is plotted against 
expenditure as the ordinate. The other groups show a similar scatter. 
And the relationship cannot be elucidated by postulating a delay in 
adjustment, as did Edholm et al.(1955). In fact, theirresults, when analysed 


in the above manner, show no grounds for inferring delay in operation of 
control. 


: 
> 
2000 3000 


Daily intake of calories (kcal) 


Fig. 6. Scatter of daily intake of calories plotted against expenditure (same day) 
for 7 consecutive days in 24 young and middle-aged women. 


Both the subjective and the objective evidence analysed here lead to the 
conclusion that the mechanism whereby our appetite is satisfied is by no 
means nicely adjusted to expenditure of energy. The high incidence of 
obesity when there are no restraints on the availability of food would 
alone suggest a control relatively insensitive to precise regulation of 
calorie balance, as also would the low correlation of intake and expenditure 
shown in the above analysis. In contrast, there is clearly some functioning 
control since a long-term approximate calorie balance is generally attained 
in man. 

It may be inferred, then, that perhaps a double mechanism controls. 
appetite, (1) a gross, short-term regulation and (2) a long-term one, 
operating with a delay of days, weeks or occasionally months. The usually 
dominant control, the short-term control, may be a simple physical 
mechanism, such as the state of distension or motility of the stomach or 
20° PHYSIO. CLVI 
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possibly also of the duodenum and proximal jejunum. A control such as 
this would satisfactorily interpret the large variability shown in the intake 
of calories by an individual, since the same bulk of food may have a very 
different calorie content. The temporary efficacy of high-bulk, low-calorie 
diets in the treatment of obesity would also be explained. Studies on 
babies described by Yorston & Hytten (1957) give added support for such 
a theory. They found that a certain number of babies fed on breast milk 
cried soon after a feed although there were no indications of underfeeding ; 
the signs were similar to those of other similarly fed babies suffering from 
underfeeding. When these first mentioned babies were fed with similar 
quantities of reconstituted dried milk, the ‘hunger’ crying stopped. When 
returned again to breast milk of the same amount crying recommenced. 
Radiological investigation showed that the stomach and duodenum 
emptied much more rapidly with the breast-milk feed than with dried 
- milk. The physical state of the stomach would here seem to be the deter- 
mining factor; babies, also, are free from most of the other psychological 
factors which affect eating in adults. 

_ The factors determining the satisfaction of ‘appetite’ would thus usually 
seem to be, in man, much cruder in action than those proposed by workers 
who have experimented mainly with lower mammals. The existence of 
a finely triggered control mechanism, which is clearly ineffectual in 
adapting immediate intake of food to balance expenditure of energy, is 
physiologically unacceptable. The presence of any fine control therefore 
becomes suspect as a means of attaining day-to-day balance. Yet it is 
possible that one may exist for the purpose of regulating intake after short 
periods (e.g. a day or part of a day) of strenuous physical exercise, where 
large debts of calories may require to be repaid. However, almost certainly, 
there must be another, long-term control exerted over appetite and some 
metabolic, possibly lipostatic, factor must act as a further, superadded 
influence. | 


SUMMARY 


1. Relationships between the intake and expenditure of calories in man 
have been determined. Measurements, previously published, of the daily 
intake and expenditure of energy during a period of 7 consecutive days by 
each of sixty-nine individual subjects have been analysed statistically. 
The subjects were adults of both sexes, with a range in age from young to 
elderly and in mean daily energy expenditure from 2000 to 4000 kcal. 

2. In each individual the correlation coefficient (r) was determined for 
(1) intake of calories and the expenditure of the same day. Since there 
may be a delay in the adjustment of intake to expenditure, r has also been 


calculated where the intake has been related to the energy expenditure (2) _ 
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of the previous day and again (3) with the energy expenditure of 2 days 
previously. The significance or otherwise of the difference between the 
mean daily calorie intake (%) and expenditure (7) (over 7 days) has also 
been analysed. 

3. A quick and even balance between intake and expenditure would 
give a markedly positive correlation between the two (r positive and 
significant) and % minus #7 would be non-significant. This was the case in 
four out of the sixty-nine subjects. In forty-one subjects (59 %/) r was not 
significant and (%—¥) was also not significant; that is, intake and expen- 
diture were balanced over the 7 days, although there was no significant 
correlation between the two from day to day. Eighteen individuals (26%), 
showed r to be non-significant but there was a significant difference between 
mean intake and expenditure of calories (seven subjects had an insufficient 
intake of calories and eleven an excess). A significant negative correlation 
for r was present in four individuals, where %— 7 was not significant. Two 
subjects had a significant and positive r, but a significant excess of intake 
over output of calories. a 

4. These results make it unlikely that most of the current theories on 
the control of ‘appetite’ can be directly applied to man; the factors 
regulating this control from day to day would seem to be much more 
gross in action. 


I am much indebted to Dr R. A. Robb, Department of Statistics, University of Glasgow, 
for advice and help with the statistical analyses and to Professor R. C. Garry for his helpful 
comments. The work formed part of a research project financed by the Scottish Hospital 
Endowments Research Trust. | 
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RELATIVE PENETRABILITY OF HAIR FOLLICLES 
AND EPIDERMIS 


By R. T. TREGEAR 
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The skin protects the body against foreign chemicals by restricting 
their passage through the epidermis; diffusion of common organic mole- 
cules through rabbit epidermis is two to three orders of magnitude slower 
than through dermis (Treherne, 1956). Such diffusion as does occur might 
be through the epidermis itself or through the defect structures, the hair 
shafts and sweat glands. Argument about this has hinged on the histo- 
logical localization of applied chemicals (Rothman, 1954). The present 
study is an attempt to resolve the problem by measuring the passage 
through each route separately. 


METHODS 


A 20-30 kg pig was anaesthetized with dial-urethane. The flank was woah and its hair 
clipped very short. Seven 1 in. (2:5 cm) circles were drawn on the skin, corresponding to 
the holes in a metal covering plate (Fig. 1). Tri-n-butyl phosphate (TBP) containing **P 
of radioactivity 0-2 mc/mole and 2 % of a fluorescent dye (Uvitex W, Ciba) was placed on 
the skin within these circles with a fine entomological pin. Approximately 0-1 ~mole of 
TBP was placed in each circle in 20-30 separate patches. In four of the circles the TBP was 
placed, as far as possible, so as to avoid the-hair follicles and in the other three the hair 
follicles were deliberately filled with TBP. The number of hair follicles filled by the fluores- 
cent dye was counted under ultra-violet light. A mica cover was sealed over each skin circle 
by surrounding adhesive tape and the metal plate already mentioned was pressed down 
over the entire set of circles to prevent movement during respiration. Each circle in turn 
was exposed to an end-window Geiger counter at 20cm distance. These measurements 
continued for 4-6 hr, care being taken that the geometry of the system was not disturbed. 
At the end of this time the number of hair follicles covered by fluorescent dye was again 
measured. A dental X-ray film was pressed into contact with each mica cover and an 
autoradiograph of the **P on the skin obtained. The mica covers were removed and the 
fluorescent dye on each skin circle was photographed. Finally, the animal was killed and 
each skin circle was dissected out, digested in nitric acid and its **P content determined. 
In a few experiments the pig was killed 1 hr before the f-emission measurements were 
concluded. 
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Fig. 1. Diagram of the apparatus used; the mica cover is indicated. Note the 
small angle subtended by the TBP at the Geiger counter. x x x x = TBP. 


RESULTS 

Each tiny (approx. 5 nmole) drop of TBP placed on the skin spread to 
cover approx. 0-03 cm*, whether the drop involved a hair shaft or not. 
When a hair shaft was covered by TBP a bright spot of fluorescence could 
be seen at the entrance of the hair into the epidermis, indicating the 
presence of a pool of TBP. Many of these pools were still present at the 
end of the experiment. The hairs themselves fluoresced brightly, and by 
the end of the experiment fluorescence of the intra-epidermal part of the 
hair could be seen through the nearly transparent epidermis, showing 
that the marker dye had penetrated into the hair shaft. 

In four out of the seven skin circles used in each experiment an attempt 
was made to avoid the hair shafts during application of the TBP. This was 
not completely successful; the marker dye showed that the TBP reached 
some hair shafts immediately, and spread to a few more by the end of 
the experiment. The number was, however, small compared to those 
filled deliberately in the other three skin circles (Table 1). 

The 8 emission from the **P in each skin circle fell during the experi- 
ment; the rate of fall was constant after the first hour (Fig. 2). The fall 
of B emission reflects a movement of **P out of the counting field of the 
Geiger tube. As the alkyl phosphates hydrolyse very slowly at 40° C 
(Cavalier, 1898) and do not oxidize at all (Kosolapoff, 1950) it is very 
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likely that the **P moved in association with TBP; thus the fall in p 
emission indicates a movement of TBP. The fall ceased immediately the 
animal was killed (Fig. 2). Since evaporation of TBP through hypothetical 
leaks in the mica-adhesive tape seal or diffusion of TBP deep into the 
dermis would not be immediately affected by the animal’s death, these 
movements were assumed to be negligible. There was no apparent lateral 
movement of the TBP on the skin surface to be seen in the photographs 


TaBLE 1, Average number of hair follicles covered by TBP in each skin circle 
when follicles were avoided (A) or deliberately filled (B) | 


Time after 
application 
(min) B 
10-30 3-3 (0-4) 25-0 (0-8) 
240-300 6-3 (0-5) 23-7 (0-8) 
Values are derived from 40(A) or 30(B) skin circles: s.x. of means in parentheses. 
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Remission (counts/sec) 


100 200 300 400 
Time after application (min) | 
Fig. 2. B emission from a skin circle to which TBP has been applied. 
Symbols are those defined in the text. 
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or autoradiographs taken at the end of the experiment, so that screening 
by the metal covering plate may also be discounted. Changes in thickness 
of the TBP on the skin surface, or movement within the epidermis, are 
unlikely to have much affected the emission, for the distances involved 
are of the order of 10-* mm and the half-thickness for **P is approx. 
1 mm (Faires & Parkes, 1958). It therefore follows that the reduction in 
B emission was due to the only remaining route, the passage of TBP 
through the epidermis or hair shafts and into the systemic circulation, 
and it is on this assumption that the following results are construed. 

%P distributed throughout the body would be virtually completely 
screened from the Geiger tube so that the rate of fall of B emission should 
be proportional to the rate of penetration of TBP into the systemic circu- 
lation: : 

_m dak 
where p = penetration rate of TBP into the system (nmole/min), 
R, = B emission at the end of the experiment (counts/sec), 
m = TBP in skin at the end of the experiment (nmole), 

dk/dt = rate of change of B emission (counts/sec/min). 

_ During dynamic equilibrium (straight line in Fig. 2) this penetration 

rate was calculated for the TBP on each skin circle. It was not significantly 
greater when the hair follicles were covered than when they were avoided ; 
in fact it was slightly less (Fig. 3). This small difference was investigated 


further by calculating the penetration rate per unit mass of TBP (pm) 
and per unit area covered (a): 


Pm = pR,/mR,, 
and Pa = p| A, 
where &, = B emission at the start of the experiment (counts/sec), 


A = area of skin covered by TBP (cm?; calculated from the 
average of the darkened area in the autoradiograph and the 
fluorescent area in the photograph). 


Both these measures of penetration rate indicated that it was slightly 
slower when the hair follicles were covered. The difference was, however, 
barely significant (Table 2). The maximum contribution of the hair 
follicles to the penetration rate statistically consistent with these results 
was approximately calculated by taking the value of B-A in Table 2 at 
2-5 x the S.E. above the mean; this gave values for the difference of 2 and 
13% of the mean value of A or B, i.e. the addition of the extra hair 
follicles in group B did not increase the penetration rate by more than 
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15%, or approx. 20 pmole/min (cf. Fig. 3). The maximum follicular trans- 
port possible was therefore 1 pmole/min/follicle; it is more probable that 
involvement of the hair follicles actually reduced the penetration of the 


TBP. 


Penetration rate (pmole/min) 


10 


Number of hair follicles 


30 


Fig. 3. The effect of covering hair follicles with TBP on its penetration rate. 
Each point is the mean from 3-4 skin areas; the lines join points obtained on the 


same animal. 


TABLE 2. Penetration of TBP through skin in which the hair follicles were 
? either avoided (A) or deliberately covered (B) 


‘Pm (kmin“") 


A B 
2-4 2-1 
1-5 1:3 
1-1 1-1 
0-7 1-1 
1-6 1-3 
1:6 1-2 
2-0 1-6 
1-8 
1-4 1-4: 
1-1 1-0 
Mean 1-6 1-4 


Each value is the mean of four (A) or three (B) skin areas in a single experiment. 


Pp, (pmole/min/cm?*) 


B 


120 


220 
180 


— 70 
+40 
+10 
+50 
— 30 
— 20 
— 50 
— 90 
+20 
+30 


—13 
(s.E. 16) 


ud 
20 
| 190 
_ 0-9 180 
0-0 170 
— 0-3 200 170 
— (4 140 120 
290 240 
530 440 
0-0 260 200 
120 150 
(s.z. 0-09) 


312 R. T. TREGEAR 


DISCUSSION 


There was no indication in these experiments that any TBP passed 
through the hair follicles to the circulation. The hair follicles appeared to 
be no more penetrable than the same area of epidermis. Since there is 
vastly more epidermal than follicular area on the surface of pig skin, the 
transport of TBP applied generally to the skin would be nearly all through 
the epidermis. This can be put quantitatively: the maximum possible 


contribution of the follicles was 1 pmole/min/follicle and the number of hairs _ 


on pig skin is about 20/cm?, so the follicular transport could not be greater 
than 20 pmole/min/cm?, a small fraction of the observed total penetration 
rate of generally-applied TBP, 1300 pmole/min/cm? (Tregear, 1960). 

How far may this result be generalized? It seems likely that in man 
hair follicles are also unimportant, for their histological structure is similar 
to those of the pig, and they are no more frequent, except on the hairy 
areas. Nearly all other mammals have a much greater hair density than 
the pig or man, so that the hair follicles may be more important; indeed, 
in species such as the rabbit the area of epidermis within the hair follicles, 
calculated from histological sections, exceeds the exposed surface of the 
skin, so that if the penetrability of the epidermis is similar in the two sites 
the hair follicles should represent the dominant site of entry. 

Treherne (1956) showed that a variety of organic solutes in water 
penetrated rabbit skin at speeds related to their molecular diameter and 
their oil: water solubility ratio, and he suggested that they all passed 
through the same structure. If this is also true of pig and human skin, 
the results obtained with TBP, a stable aliphatic ester of no known special 
- properties, should apply to other chemicals. 

The evidence on which it has been suggested that foreign chemicals 
pass through the skin predominantly via the hair follicles is histological. 
It has been observed that many materials placed on the skin surface reach 
the lumen of the follicles (MacKee, Herrmann, Baer & Sulzberger, 1945; 
Axelrod & Hamilton, 1947; Sulzberger, 1948; Borelli & Metzger, 1957), 
although this is not always the case (Blank, Griesemer & Gould, 1958). 
This is a necessary but not a sufficient condition for penetration via the 
hair follicles to occur. Concentrations of chemical in the dermis around 
the hair follicles have also once been observed (MacKee et al. 1945); this 
showed that the chemicals used (water solutes of various types) had prob- 
ably passed through the lining epithelium or sebaceous glands. It did 


not, however, show how much had passed through. In general, histology, 


unless combined with a rate study, cannot demonstrate the relative im- 
portance of competitive routes of penetration. 
In man, though not in the pig, a further defect in the epidermis is 
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provided by the sweat glands. Since these glands are several times more 
numerous on the palms than on the body surface in general (Kuno, 1956), 
and the palms are stated to be less penetrable than other parts of the skin 
(Herrmann, 1945; Shelley & Melton, 1947), it is unlikely that the glands 
represent an important route of entry of foreign chemicals on sites other 
than the palms. 

In conclusion, it seems probable that the protective impenetrability of 
human skin is limited by the structure of the epidermis itself, and not 
by sweat glands or hair follicles acting as holes punched in it. 


SUMMARY 


1. Tri-n-butyl shia (TBP) labelled with **=P was applied in 
small drops to the flank skin of an anaesthetized pig in seven circular 
areas. In four of these the hair follicles were avoided and in three many 
were deliberately covered with TBP. 

2. The penetration of the TBP to the circulation was estimated from 
the steady reduction in 8 emission from the **P on the skin. 

3. This penetration was slightly faster when the hair follicles were 
avoided than when they were covered. 

4. It was concluded that the hair follicles of the pig are no more 
penetrable than the epidermis. 
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CATION-SELECTIVE GLASS MICRO-ELECTRODES 
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Most techniques for measuring intracellular sodium and potassium give 


varied results largely because the tissue has to be damaged before chemical 


analysis. Some methods have an additional disadvantage of allowing too 
much sodium and potassium exchange or contamination from the extra- 
cellular space. Also, for practical purposes, investigators are forced to 
assume that all the sodium and potassium is uniformly distributed and 
physico-chemically ‘free’ in the cellular water. Clearly, a technique that 
provided a method for quick direct measurement of ‘free’ intracellular 
sodium and potassium without damaging the cell would have great theo- 
retical importance. : 

In part the cation-selective glass micro-electrodes (Hinke, 1959) fulfil 
the requirements for this ideal method. They provide a technique for 
following intracellular sodium and potassium without causing too much 
damage; they measure only ‘free’ cations (activities), so that an estimate 
of the bound sodium and potassium in the protoplasm can be made. 

The aim of the experiments in this paper was to measure sodium and 
potassium activities inside and outside the isolated giant axon of the squid 
in order to relate the cation equilibrium potentials to the resting and 
action potential of the cell membrane. The net fluxes of sodium and 
potassium across the membrane during stimulation were also measured. 


METHODS 


Cation-selective glass micro-electrodes. The design of the Na and K glass electrodes (Fig. |) 
was similar to those constructed earlier (Hinke, 1959), except that the exposed tip was 
70-90 » in diameter and 2~4 mm long, and the shaft was 6 cm long with the lower 3. cm not 
exceeding 150 yu in diameter. 

The glass was supplied by Eisenman, Rudin & Casby (1957) and was worked into tubing 
2-4 mm outside diameter. Oxyacetylene was required to melt the Na glass, but air and gs 


* Present address: Department of Anatomy, University of British Columbia, Vancouve', 
Canada. 
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was satisfactory for the K glass. The composition of the glasses according to Eisenman is 
listed in Table 1. This composition is not strictly correct for the finished micro-electrodes, 
since soda is lost each time the glasses are melted. Microcapillaries were pulled by hand 
from the 2-4 mm stock tubing. 
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Fig. 1. Diagram of Na-and K micro-electrodes. a, 0-1N-NaCl, pH 8-0; b, 0-1n-KCl, 
pH 8-0; c, gold-plated jack plug; d, 50 » Ag-AgCl wire; e, 300 » Ag-AgCl wire; 
f, dental wax; g, high-resistant glass; h, Na-sensitive, and i, K-sensitive glass, 
exposed tips 2-4 mm x 70-90 yu diam.; j, glass-to-glass seal; k, air space; numbers 
show outside measurements. | 


TABLE 1. Composition of cation-selective glass 


SiO Al,O Na,O CaO 
(mole %) (mole 4) (mole %) (mole %) 
Na glass 71 18 11 — 
K glass 63 : Ee 27 3 


The main body of the electrode was pulled from high-resistant L-I glass (General Electric 
Co.) by means of a micro-electrode puller. A microcapillary was matched according to its 
diameter with an appropriate L-I glass micropipette and fed down the latter until sufficient 
length extended beyond the tip of the L-I pipette. The rest of the construction was done with 
a modified de Fonbrune microforge. This consisted of two micromanipulators, one for holding 
the micropipette and the other for a V-shaped microforge wire (platinum-iridium alloy). 
The micropipette was mounted vertically, illuminated from behind, and observed at a right 
angle through a binocular microscope, 
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The next step for the Na electrode was to heat the last few millimetres of the L-I pipette 
- until it fused to the wall of the inside Na glass capillary. After this area had cooled slowly, 
the pipette was filled to the top with 0-1 m-NaCl (pH 8-0). Then pressure was applied at the 
top of the pipette until a bead of liquid formed at the open tip (this procedure reduced air 


entry when the tip was-heated). The electrode was returned to the microforge and the 


exposed tip of Na glass sealed off at the desired length. 

A glass-to-glass seal was not possible between L-I and K glass. Instead, chips of dental 
wax were dropped down the pipette until the shank was filled. This area was heated to 
make the upper wax seal between the two capillaries. The pipette was filled with 0-1m-KCl 
(pH 8-0), and after applying pressure, as with the Na electrode, it was returned to the 
microforge for sealing of the tip. Lastly, wax was melted on to the tip of the microforge wire, 
which was moved close to the L-I tip allowing molten wax to run between the two capil- 
laries. Figure 1 illustrates how a column of air was trapped between the upper and lower 
wax seals. The air served as insulation and prevented fluid entering from below if the lower 
wax seal broke down. 

The electrode was completed by sealing in with Araldite a jack plug which had a Ag-AgCl 
wire soldered to it. In the Na electrode, a 50 » Ag-AgCl wire was fed down the micro- 
capillary close to the active tip. This refinement was not possible in the K electrode since the 
upper wax seal blocked vision of the capillary opening. 


The resistance of these micro-electrodes was of the order of 10° Q compared to 10-10" Q 


for the smaller electrodes constructed in 1959. 

Excluding accidents, the average life was about 6 months for a Na micro-electrode, and 
1 month for a K micro-electrode. When they were tested daily in standard solutions, the 
electrodes gave remarkably constant potentials. If a prolongution in response time and 
relatively large change in cation selectivity was noted, the electrode was discarded. Usually 
an electrical leakage occurred soon after, reducing the potential response from 58 mV to 
25 or 30 mV for a unit log. change in concentration. 

Conventional micro-electrodes. ‘The micro-electrodes for recording membrane and action 
potential were similar to the final design recommended by Hodgkin & Katz (1949a), except 
that they were filled with 0-58 m-KCl instead of sea water. The main features were a 30 » 
silver wire extending from the shank almost to the open tip, and a 300 » Ag-AgCl wire in 
the body of the electrode. This Ag-AgCl wire was soldered to a jack plug which was sealed 
in with Araldite. The purpose of these permanent jack plugs was to permit quick exchange of 
the electrodes on the input leads as well as to reduce contact potentials. 

Electrical system. Two screened input leads were fitted with sockets to match the electrode 
plugs. One input was for recording action potentials, and the circuit included a cathode- 
follower valve, direct-coupled pre-amplifier (Copeland, 1952), and oscilloscope. The other 
input went directly to a ‘ Vibron’ electrometer model 33B (Electronic Instruments Ltd) and 
was used to measure membrane potential, Na and K electrode potentials. A calibrator was 
placed between earth and the reference electrode in the recording cell. It served to calibrate 
the oscilloscope tube scale, or as a backing off unit for the Vibron. The cathode follower, 
micromanipulators, recording cell and microscope were housed in a large aluminium 
screening box. — 

Recording cell. The Perspex recording cell was essentially similar to one used by Hodgkin 
& Huxley (1945) except for a built-in Ag-AgCl reference electrode in saturated KCl which 
made contact with the bath through a fine porcelain plug (Fig. 2). A platinum stimulating 
electrode was placed in each chamber. The sliding glass partitions were well greased wit! 
petroleum jelly so that contact between chambers was localized at the groove where the 
axon penetrated. With this system, the threshold strength of stimulus was usually less than 
60 mV and rarely over 100 mV as measured on the oscilloscope. 

Solutions. Sea water was used for all dissections, but either sea water or artificial seu 
water (Hodgkin & Katz, 1949a; Hodgkin & Keynes, 1955) was used in the recording ce!!. 
The average compositions are listed in Table 2. 
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Experimental procedure. Giant axons were obtained from the hindmost stellar nerve of 
Loligo forbesi. The methods of dissection, cleaning, mounting in the recording cell, and 
impaling with an electrode were similar to those used by Hodgkin & Huxley (1945). The 
squid was killed and eviscerated on board ship and its mantle placed in ice-cold sea water 
(Caldwell, Hodgkin, Keynes & Shaw, 1960). Experiments were usually started after the 
axon was dissected and cleaned, but occasionally axons were stored during the night in 
sea water at 0° C. If these axons conducted an impulse the following morning, an experi- 
ment was carried out. 


4, 4 "4 
4 - 
4 
h k 
Fig. 2. Diagram of Perspex recording cell with built-in Ag-AgCl reference elec- 


trode, (a). A giant axon is shown cannulated and mounted. 6, cannula; c, stimu- 
lating Pt wires; e, main chamber; f, saturated KCl; g, porcelain plug; h, Pt wire 
weight ; j, sliding glass partition; k, lower chamber. 


_ Taste 2. Approximate composition of external fluids 


Sea water* Artificial sea water 
Substance (mole/kg H,O) (mole/1.) 
Kt 0-0105 0-0105 
Nat 0-470 0:465 
Ca?+ 0-010 0-011 
Mg*+ 0-055 0-055 
0-550 0-605 
0-030 — 
HCO,- — 0-0025 
pH 7-5-8-0 8-0 


* Average salinity 3-50% for November, December, January, 1959-60. Composition 
calculated according to Webb (1939). 


All electrode measurements were referred to the built-in reference electrode. The cation 
glass electrodes were tested in standard solutions before and after each experiment. The 
potential in the bath solution was recorded for each electrode before inserting it into the 
axon. 

At a given depth in the axon, membrane resting and action potentials were recorded 
before and after Na and K glass electrode potentials. A complete set of measurements, 
therefore, involved four insertions: (a) 0-58 M-KCl electrode; (b) Na glass electrode; (c) K 
glass electrode; (d) 0-58 m-KCl electrode. This procedure usually required five minutes, 
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RESULTS 
Calibration of Na and K glass micro-electrodes 


The procedure for finding the Na and K concentration of an unknown 
solution with cation-selective electrodes was suggested by EKisenman, 
Rudin & Casby (1958). If the [H*] is sufficiently low not to interfere, a 
given Na glass electrode behaves in Na—K mixtures according to eqn. (1): 


RT 
Ly, = Na+ In + kyax — £9; + &;, (1) 


where Fx, is the e.m.f. measured with the unknown solution; 

dy, and a, are the cation activities in the unknown solution; 

H°,,, is the e.m.f. calculated for a given electrode from its response to 
a standard solution (#°,, = Hy, when ay,+kyax%& = 1); 

E; and E£°, are junction potentials at the tip of the reference electrode 
(usually neglected if a saturated KCl bridge is used) ; 

R is the ideal gas constant; 

T is the absolute temperature ; 

_F is the Faraday constant; 


kyax is a constant for a given electrode. Similarly, a given K glass 


electrode behaves according to eqn. (2): 
| RT 


Ex = + In (ag + tna) — (2) 


If H°; and are neglected, the constants H°y,, and kyna; 
_in eqns. (1) and (2) can be calculated from the measured potentials Ly, 
and Hy, in standard solutions. The four standards were 0-1m and 
0-01 m-NaCl and KCl buffered to pH 8-0 with tris-(hydroxymethy]) amino- 
methane. The mean activity coefficients for the standards were taken from 
Robinson & Stokes (1959). 3 

In practice, the electrodes did not always give 58 mV change for a 
unit log. change in activity. At 18°C the calibration curves gave slopes 
between 52 and 57 mV for the K electrodes, and between 57 and 62 mV for 
the Na electrodes. Because of these deviations from the theoretical cori- 


stant, 2:3 RT7'/F, this was replaced by an empirical slope constant ‘S— 


actually obtained from the standard solutions. Therefore, eqns, (1) and (2) 
can be rewritten as eqns. (3) and (4) (ignoring junction potentials): 


Na glass electrode, Hy, = logiy (Axa 4x); (3) 
K glass electrode, Hy = (ax Gna): (4) 
One Na electrode was used for all but the first four experiments. Since 
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the daily calculated value of ky, was consistently 0-005 or less, eqn. (3) 
as simplified to 
Ey, = logig (axa). (5) 


Both Na and K ape responded to some extent to [H+]. Figure 3 
demonstrates the degree of interference of pH for a Na glass electrode 
tested in NaCl solutions (0-20-0-01m). For clarity, only pH 8-0 and 5:9 
curves are shown. The pH 7:0 and 7-5 curves deviated only slightly from 


pH 8:0 
20 
pH 5°9 
30 
40 
mV 
50 


—08 —-10 -12 -16 -18 2:0 
(an) 
Fig. 3. Response of the Na micro-electrode to NaCl solutions at pH 8-0 and pH 5-9. 


the pH 8-0 curve and only in the region where ay, was low. The degree of 
interference of pH for the K electrodes in pure KCI solutions of the same 
concentration range was similar. No corrections were made for H* ion; 
since the pH of sea water and artificial sea water was 8-0, and the pH of 
squid axoplasm was greater than 7:0 (Caldwell, 1958). If an appreciable 
error is introduced by ignoring pH effects in the axoplasm, Fig. 3 suggests 
that the error will be such as to make the calculated ay, (or @) too large. 

The ky, Values for the K electrodes were usually between 0-1 and 0-4. 
This meant that the K electrodes were only satisfactory for solutions 


where [K+] was high or [Na+] was low. Such a situation existed in the 
21 PHYSIO. CLVI 
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axoplasm but certainly not in the bath solution. Therefore, no attempt was 
made to determine the (a), of the bath solution. 
Since eqn. (4) was determined from only three standards, 0-01, 
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-O5 | -2:0 
logig (aq) 
Fig. 4. Response of a K micro-electrode to K+ in mixtures of NaCl and KCl. The 


points are experimental and the curves were drawn according to eqn. 4 determined 
from the standards, 0-01 m and 0:10 m-KCl, and 0-10 m-NaCl. 
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0:10mM-KCl and 0-10mM-NaCl, it was important to check how well this 
equation predicted the response in KCl-NaCl mixtures. The response of a 
K electrode (kgyx, = 9-10) in known mixtures is illustrated in Fig. 4. The 
points are experimental and the curves are drawn according to the equa- 
tion determined from the three standards. Note that the curves pass 


through the experimental points except when [Nat] is very large 


to [K*]. 


7 


The Na electrode had to be checked in Na concentrations up to 0-5M 
if any reliance was to be placed on the electrode’s response in sea water. 
Serial dilutions of a 0-55m-NaCl stock solution were buffered to pH 8-0, 
tested with the Na electrode, then diluted and analysed for Na by an EEL 
flame photometer. Table 3 lists the results. The concentration values from 
flame photometry are converted to mean activities (@y,) so that they 
compare with the Na electrode activities (ax,). The formula for the 
Na electrode was determined from dy, and Hy, of solutions 5 and 7. The 
other values of d,,, and ay, agree well except at high concentrations. This 
deviation may be a combination of the following errors: (a) Hy, was only 
measured to the nearest 0:5 mV, which may not be precise enough for - 
high concentrations; (b) Ex, is increased by small increases in junction 
potential at the reference electrode as concentration increases; (c) some 
error in flame photometry values may occur as a result of diluting. The 
same deviation was noted in serial dilutions of sea water and artificial sea 
water. Therefore, the Na electrode value of ax, in sea water must be 
regarded as 5-10 % too large. 

Similar results to those in Table 3 were noted with the K electrode in 
serial dilutions of 0-5 m-KCl, except that the deviations from the expected 
potassium activity (a) at the higher concentrations were smaller. There- 


TaBieE 3. Response of sodium glass micro-electrode in 
serial dilutions of 0-55 m-NaCl (pH 8-0) 
Concentration of Sodium glass electrode 
Na* b A 
Soln. flame photometry 
no. 


(m) 


0-540 
0-360 
0-195 
0-106 
0-101 


0-0425 

0-0095 
* Mean activity coefficients (25°C), from Robinson & St 

electrode determined from dy, and Hy, of solutions 5 and 7. 


0-385 


0-265 


0-150 
0-083 
0-078 
0-036 
0-0086 


okes (1959). 4 Formula for 


fore, this factor was regarded as relatively unimportant conside 


compared 
0-678 0-366 96-5 
0-700 0-252 87-0 
0-735 0-143 
0-781 0-0826 57-5 
0-778  (0:078)A (56-0) 
6-0 
| (1:5)4 
| 
ring the 
21-2 
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limited reliability of the K electrode in detecting K* in the presence of 
Nat, its relative selectivity being small (2-5 to 10 times) compared to that 
of the Na electrode (200 times). 


TaBLE 4. Electrodé measurements on axons 


Temperature range for all axons, 17-19°C. Experiments in Table 4a were done in. 
November, December and January 1959-60, and those in Table 4b were done in February 
and March 1960. Axons 9, 10, 14, 19 and 22 were stored in sea water at 0° C for 15-20 hr 
before they were cannulated and tested. 


Na 
electrode Amplitude : Resting Membrane 
‘ outside- of action membrane reversal 
Axon. inside’ potential potential potential 58log (dya)o 
no. (mV) (mV) (mV) (mV) (Gya)o (4x); 
a, in séa water : 
1 104 104 — 64 40 0-361 0-040 55:5 0-223 
2 103 100 — 55 45 0-300 0-0285 59-0 0-205 
3 116 116 — 58 58 0-346 0-0323 60-0 0-218 
4 115 116 — 60 56 0-346 0-0351 58-0 0-201 
5 117 108 — 58 50 0-366 0-0361 58-0 0-211 ‘ 
118 108 — 62 46 0-366 0-0390 56-0 0-215 
7 124 120 —66 54 0-366 0-0361 58-0 0-199 
8 120 107 — 58 49 0-366 0-0323 61-0 0-194 
111 109 — 55 54 0-370 0-0437 54-0 0-168 
10 110 108 — 59 49 0-370 0-0494 51-0 0-176 
11 116 105 — 55 50 0-352 0-0285 63-0 0-212 
12 128 wee SS — 59 57 0-361 0-0304 62-5 0-228 
13 118 109 — 59 50 0-361 0-0456 52-0 0-196 
14 113 104 — 59 45 0:356 0-0465 51-0 0-200 
Average 115-0 109-3 —59-1 | 50:2 0-356 0-0374 57-0 0-203 
S.E. of mean +0-0019 + 0-0046 
b, in artificial sea water 
15 130 110 — 60 50 0-380 0:0294 64:5 0-187 
16. 115 104 —54 - 50 0-380 0-0332 61-5 0-175 
17 129 108 — 56 52 0-380 0-0218 72-0 ~ 0-148 
18 126 108 — 57 51 0-380 0-0275 66-0 0-177 
19 124 . 104 — 50 54 0-370 0-0256 67-5 0-185 
20 116 100 — 55 45 0-370 0-0361 58-5 0°177 
21 136 103. — 61 42 0-375 0-0209 73-0 0-172 
22 ‘130 103 — 61 0-378. 0-0285 65-0 0-154 
23 126 100 — 55 45 0-370 0-0266 66-0 0-159 
Average 126 104°5 — 56°5 48:0 0-376 0-0275 66-0 0-170 
8.E. of mean +0-0017 + 0:0047 


Na and K activities in axons 


Table 4a and 40 lists the results obtained at 20 mm depth in axons at 
17-19°C bathed in sea water and artificial sea water. Axons were included — 
only if: (a) the amplitude of the action potential was greater than 100m\ : 
(b) both ay, and ag were measured; (c) the resting membrane and action 
potentials were the same before and after the four insertions. Measure- 
ments were usually made 30-60 min after the axon was cannulated and 
mounted in the recording cell. 
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The first column of Table 4 is the difference between the Na glass 
electrode readings outside and inside the axon. This difference includes the 
resting membrane potential and ‘Na gradient potential’ across the mem- 
brane. According to Hodgkin & Huxley (1952a) and Hodgkin (1957), the 
amplitude of the action potential is made up of a collapse of the resting 
membrane potential plus a reversal potential which approaches the Na 
gradient potential. If this theory is correct, the difference between external 
and internal readings with the Na electrode must be equal to, or greater 
than, the action potential. Fibre no. 4 was the only axon which gave a 
higher action potential and this only by 1 mV. None of the axons excluded 
from this table gave an action potential greater than the difference 
between the outside and inside Na electrode potentials. 

The same relationship exists, of course, between the calculated Na 
gradient potential and the reversal potential. (a,,), and (d,,),, the 
external and internal sodium activities respectively, were calculated from 
eqn. (5), for which the constants were derived before and after each experi- 
ment from standards. The membrane potential was subtracted from the 
internal voltage reading before (a,,); was calculated, and added to the 
action potential to get the reversal potential. Junction potential was 
ignored for this comparison, since it affects the reversal potential and 
(ay,), in the same way. (a,), was not calculated, for reasons already given. 

The absolute values of (a), are subject to an error which was noted in 
Table 3. The approximate Na content of sea water (Table 2) was 0-47 Mm 
and if the mean activity coefficient is taken to be equivalent to that for 
0:47M-NaCl (0-685), then the expected mean activity (@,,) is 0-32 com- 
pared to the observed value of 0-356 (Table 4a). If the former value is 
accepted as more nearly correct, then the experimentally obtained (ay,), 
must be regarded as 5-10 % too large. This error in estimating the absolute 
values of ay, should have no effect on the comparison between the action 
potential and the difference between the potential of the sodium electrode 
outside and inside the axon. | 

The axons bathed in artificial sea water (Table 4b) gave average resting 
and action potentials a few millivolts less than axons in sea water, and 
(ax,), a8 well as (az), was consistently lower than in Table 4a. No 
adequate explanation was found for these discrepancies. 


Variation of (ax), and (ax), with depth below tip of cannula 
In some experiments readings were taken near 0 and 10 mm as well as 
at 20 mm depth from the cannula. Table 5 shows readings from 27 axons in 
sea water, grouped according to their depth. Only one set of measurements 
is included from an axon at a given depth, taken 30-60 min after cannula- 
tion. With a few exceptions, an axon contributed either three sets of 
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measurements (0, 10, 20mm depth) or two sets of measurements (10, 
20mm depth). Concurrent with the sharp drop in resting and action 
potential noted as the electrodes approached the cannula, there was an 
increase in (a@y,), and decrease in (a,),. The average changes between 
20 and 10 mm depth were not large since the 10-15 mm group of Table 5 
contained many measurements similar to those in the 15-20 mm group. 
The last column shows that the sum of the free Na and K contents 
remained constant in spite of the changes in composition. 


TaB.e 5. Average Na and K activities of 27 axons in sea water at 
varying depths from cannula (17—19° C) 


Depth Resting Action 


No. from potential potential 
of cannula +S.E. 
axons (mm) (mV) (mV) $8.8. (ag) +8.8. + (ax), 


8 0-5  3664+4-0 48-8 0-0790 + 0-003 0-1500 + 0-015 0-2290 
. 25 10-15 55-44+1-0 100-0 + 2-0 0-0455 + 0-001 0-1875 + 0-004 0-2330 
13. 15-20 111-0+1-7 0-0332+0-0008 0-2045+ 0-004 0-2377 


Analysis of measurements on all axons in sea water 


In Table 4a axons with an action potential higher than 100 mV were 


selected, and in Table 5 axons were grouped according to the depth at 
which measurements were taken. It was considered worth while to 
analyse all the results regardless of depth from cannula or size of the 
action potential (Figs. 5 and 6). Again, only one set of measurements at a 
given depth and 30-60 min after cannulation was taken from each axon. 
In Fig. 5 the Na gradient potential (Vy,) was plotted against the reversal 
potential (AP+RP), and in Fig. 6 the K gradient potential (V,) was 
plotted against the resting potential. Since [K+] = 0-0105m in sea water, 
and [Nat] = 0-470, and the activity coefficient of Na was 0-356/0-470 = 
0-760 (Table 4a), (a), was taken as 0-008 for all readings of (a;);. It was 
possible to represent the results in four groups, which are shown as 
rectangles. The sides of each rectangle are equal to twice the standard error 
around the mean value for that group. The number of experiments is 
indicated beside each rectangle. The straight line corresponds to equality 
between ordinates and abscissae. 

Figure 5 illustrates how the reversal potential approached Vy, closer 
the higher the action potential and the lower the internal Na content. 
Conversely, as measurements were made nearer the cannula, the reversal 
potential fell more rapidly than Vy,. Similarly, the resting potential fell 
more than Vz as one approached the cannula (Fig. 6). This rapid falling 
away of resting and reversal potential as the cannula is approached can be 
explained by the effect of increased leakage of the transmembrane pote!- 


tial as the measurements are taken nearer to the cut end of the fibre. — 
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However, it was noted in most experiments that the reversal potential 
dropped faster than the resting potential, as can be seen from the average 
figures in Table 5. From 20 to 0 mm the resting potential fell 21 mV, 
compared to 41 mV for the reversal potential. Similarly, in Figs. 6 and 5, 
the resting and reversal potential dropped 32 and 50-5 mV, respectively. 


us 


30 


Reversal potential (mV) 


30 40 ag 50 60 mV 
Viva 58 log, Nave 
N 


Fig. 5. Mean membrane reversal potential versus mean Na equilibrium potential 
of four groups of axons in sea water (17—19° C). The straight line corresponds to 
equality between ordinates and abscissae. The sides of a rectangle equal twice the 
standard error for each group. The number of experiments is indicated beside 
each rectangle. 


The disproportionate reduction in reversal potential is presumably due to 
inactivation of the Na entry in the active state brought about by the 
lowering of the resting potential (Hodgkin & Huxley,- 19520). 

Even at 15-20mm depth where the effects of short-circuiting are 
minimal V; was much larger than ther esting potential. For example, at 
the top rectangle 6 (Fig. 6), Vz exceeded the resting potential by 20-5 mV, 
when the corresponding rectangle 8 (Fig. 5) showed Vx, only 3 mV greater 
than the reversal potential. Hodgkin & Katz (1949a) noted a similar 
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difference, and suggested that the resting membrane might be permeable 
to Cl- and Na+ ions as well as K+ ions, but to a lesser degree. 


Na and K analysis on extruded axoplasm : 


Some axons were removed from the sea-water bath after measurements 
were completed, and their axoplasm was extruded and analysed for Na 
and K by flame photometry. 


—70 


Resting potential (mV) 
= 


L 
— 60 -70 —80 ° —90 mV 


Fig. 6. Mean resting potential versus mean K equilibrium potential of four iia 
of axons in sea water (17—19° C). See also legend to Fig. 5. 


The technique consisted in blotting the axon, and laying it on a roll of dry filter paper, 
except for one cut end which rested on a small weighed square of polyethylene film. The axo- 
plasm was extruded on to the film by running a small roller along the axon. The sample was 
placed in a weighed Pyrex bottle and reweighed. Distilled water was added and the specimen 
allowed to stand for at least 24 hr before flame analysis. A couple of drops of 1 M-HNO, and 
2 m-CaCl, were added to the distilled water to help dissolve the axoplasm (Hodgkin & Katz, 
19496; Chambers and Kao, 1952). 
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The results from this method are shown in Table 6. Also included are the 
(ax) and (aq), values before the axon was removed from the recording 
cell. The axoplasm was assumed to have a water content of 88 % by weight 
(Manery, 1939). Compared with the results by other investigators (Stein- 
bach & Spiegelman, 1943; Keynes & Lewis, 1951; Koechlin, 1955), the 
[K*] values are acceptable but the [Nat] values are too large. These large 
[Na+] values are probably due to contamination from extracellular fluid. 


TasBLE 6. Na and K concentrations in axoplasm extruded after activities had 
been measured in the cannulated axon. Concentrations were measured on an 
EEL Flame Photometer 


Axon [Nat] [K+] 
no. Ona (mole/kg H,O) ax (mole/kg H,O) 

3 0-0323 0-144 0-218 0-359 

4 0-0351 0-157 0-201 0-323 

6 .  0-0390 0-136 0-215 0-403 

7 0-0361 0-153 0-199 0-387 

43 0-0408 0-146 -— 0-376 

- Average 0-0370 0-147 0-208 0-369 

of +0-0017 + 0-0036 + 0-0048 +0-013 


mean 


TABLE 7. Concentration of Na and K in axoplasm extruded from freshly dissected 
axons after 2 min of soaking in iso-osmotic glucose 


Axon ' [Nat] [K+] 
no. (mole/kg H,O) (mole/kg H,O) 
44 0-097 0-386 
45 0-101 0-412 
46 0-063 0-400 
47 0-078 0-413 
Average 0-085 0-403 
S.E. of mean +0-0088 + 0-0063 


This was checked by changing the technique for four freshly dissected 
axons (no cannulation or impalements weré made). The axons were 
thoroughly cleaned and then tested with external electrodes for trans- 
mission of an action potential throughout their length. They were soaked 
in iso-osmotic glucose for 2 min, blotted, and the axoplasm extruded as 
before. Analysis of these fibres (Table 7) gave a much lower [Nat] and a 
slightly higher [K+]. 

Even with these technical improvements, the cation concentrations 
would still not be strictly comparable to the activity measurements in the 
mounted axon. It was therefore considered more desirable to extrude the 
axoplasm first, and then measure the cation activities before diluting the 
axoplasm for flame analysis. In this way any changes in the axoplasm 
would affect both activity and concentration values. 
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Several Pyrex cannulae were drawn similar to the mounting cannula in Fig. 2, but with 
tips. 400 and 500 uw in diameter and capillaries about 2cm long. These were placed in 
polystyrene bottles and weighed. Each fibre was cleaned and tested with external electrodes 
for transmission of an action potential throughout its length. The fibre was soaked in iso- 


osmotic glucose for 2 min, then placed on the glass stage of a binocular microscope and 


cannulated. The cannula was ligated firmly in position with two silk ties. The axoplasm was 
extruded into the cannula and the empty axon removed. The filled cannula was mounted in 
the recording chamber (containing 0-58 M-KCl) so that the tip was just below the bath 
solution. Readings from an open-tipped micro-electrode were made inside and outside the 
cannula to detect any potential difference across the cannula tip. Not more than + 2 mV 
was recorded. Na and K electrode potentials were taken in the middle of the column of 
axoplasm. The cannula was dismounted, wiped dry and placed in the appropriate bottle for 
re-weighing and diluting for flame analysis. About 3 min were c2s6 for cannulating, 
ligating and mounting, and about 5 min for electrode readings. 


TABLE 8. Measurements of sodium and potassium activity and 
concentration on extruded axoplasm (17—19° C) 


Axon [Na*] [K+] 
no. One (mole/kg H,O) ay (mole/kg H,O) 
33 0-0418 0-091 0-214 0-370 
34 0-056 -0100 0-216 0-340 
35 0-0427 0-084 0-228 0-350 
36 0-038 . 0-125 0-191 0-343 
37 0-038 0-087 O-B15 
38 0-040 0-079 —- 0-348 
39 0-0437 0-085 -- 0-413 
40 0-038 0-090 0-239 
41 0-040 0-078 0-225 0-328 
42 0-040 0-096 0-245 0-366 
Average 0-0418 0-0915 0-223 0-370 


of mean +0-002 + 0-004 +0-007 +0-019 


The results from ten axons are shown in Table 8. The mean values of 


[Nat] and [K+] are not significantly different from those in Table 7. The 


average dy, and dy values are larger than the average activities obtained 
from the intact axon in sea water (Table 4a). Such a difference may be 
due to a genuine change in cation activity when axoplasm is extruded. On 
the other hand, the difference may be due to a difference in error between 
the two recording systems. For example, the values obtained from the 
intact axon may be too low because the recorded membrane potential was 
too small by 2-3-2-9 mV (the equivalent of the activity differences in 
Tables 4a and 8). Or it may be that junction potential errors in the first 
recorded system (intact axon) exceed the junction potential errors in the 
second system (extruded axoplasm) by 2-3-2:9 mV. This last possibility 
can be checked by calculating the individual junction potentials from the 
Henderson equation (1907) (Table 9). The limiting equivalent conductivi- 
ties at 18°C were taken from Robinson & Stokes (1959) and sea water was 
assumed to be equivalent to 0-5 m-NaCl. The Z, error in Table 4a values 
can be shown to equal —(H,),+(H;).—(H;), and the H, error in the ex- 
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truded axoplasm values is equal to —(E;);+(H;),—(H,),. If the numeri- 
cal values from Table 9 are substituted, the difference between these 
quantities becomes + 2-6 mV. The calculation serves only to verify that 
junction potential errors could explain the differences between the activities 
from the intact axon and the extruded axoplasm, but does not rule out the 
first consideration that the difference may be real. 


‘TABLE 9. Estimated junction potentials at electrodes, 
calculated from Henderson (1907) 
Junction potential 
Liquid junction (mV) 


Reference 3 mM-KC1//0-5 m-NaCl (Z,), = +0-78 
Micro-electrode 0-58 M-KCI//0-5 m-NaCl (H,), = +406} Axon in sea water 
) 


Micro-electrode 0:58 m-KCl//axoplasm (Es), 
Micro-electrode 0-58 m-KCl//0-58 m-KCl (E, 0-0 Axoplasm in 
Reference 3 (K,), = —0-67 0-58 w-KCl 


The extruded axoplasm analysis provides evidence for the activity 
coefficient in the axoplasm. Hodgkin & Keynes (1953) estimated most of 
the potassium to be unbound. If one neglects any ‘binding’ of Kt, the 
_ activity coefficient of K+ can be calculated as 0-223/0-370 = 0-605. Since 
Na* should have about the same coefficient, the free Na+ becomes 
0-0418/0-605 = 0-0695 mole/kg water. If this figure is correct, then 24% 
of the total axoplasm Na was bound. This estimate will be too large if 
either [Na+] was too high or [K+] was too low. Or, if some of the ‘active’ 
Na+ was squeezed from extracellular spaces then the 24 % estimate will be 
too low. However, the calculation is independent of junction potential 
since the relationship between ag and ay, remains constant no matter 
what the correction would be if (H,), (Table 9) was known. 


Stimulation of axons in sea water 

Measurements were made on some axons before and after stimulation. 
Table 10a shows results for axons bathed in sea water, and Table 106 for 
axons in artificial sea water. All measurements on a given axon were taken 
at the same depth (15-20 mm). Fibre diameters were accurate to + 10p. 
Rates of stimulation were 30/sec or 50/sec for 20-45 min. Calculated 
values of ay, and ag were converted to concentrations by using the cali- 
bration with standard solutions. For fibres in sea water, the average net 
rate of Na entry was 3-9 pmole/cm?.impulse and the average net rate of 
K loss was 5-8 p mole/cm?.impulse. For fibres in artificial sea water, Na 
entry was 3-7 and K loss was 5-4 pmole/cm?.impulse. The difference 
between results in sea water and in artificial sea water was not statistically 
significant. | 

The potassium flux values in Table 10 are not very reliable, since they 
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depend on the accuracy of measuring a small change of a relatively large 
concentration. The voltage drop at the potassium electrode after stimula- 
tion was in the region of 1-3 mV. To be certain of such a change one had 
to measure both resting and K electrode potential with the Vibron meter 


Taste 10a. Effect of stimulation on intracellular sodium and potassium of 
. axons in sea water 


Temperature range 17—-19° C. Na and K concentrations obtained from measured activities 
before and after stimulation, using mean activity coefficients (Robinson & Stokes, 1959). 
Axons 9, 10, 25, 27, 28 were stored at 0° C for 15-20 hr before they were cannulated and 
tested. 


Rate of Rate of 
Stimulation gain of loss of 
r A . Before After Nat Before After Kt 
Axon Diameter Rate Duration [Natj, [Na*], (pmole/ [K+], [K+], (pmole/ 
no. (shocks/sec) (min) (m) (m) cm?*. imp.) (m) (m) imp.) 
8 850 30 30 0-039 0-049 3-9 0-275 0-252 9-0 
9 850 30 30 0-052 0-063 4:3 0-237 0-225 4:7 
10 500 30 45 0-060 0-086 4-0 0-249 0-216 51 
11 720 30 30 0-034 0-046 4-0 0:308 0-297 3:7 
12 900 30 30 0-036 0-046 4-1 0-333 0-316 71 
14 1000 30 30 0-058 0-066 3-7 0-286 0-278 3:7 
24 700 50 30 0-050 0-069 
25 700 50 20 , 0-041 0-054 3-8 
26 600 50 20 0-041 0-059 4:5 — 
27 690 30 30 0-075 0-086 3°5 0-264 0-240 7-6 
28 720 30 30 0-055 0-066 3-7 
Average 3°9 5:8 
8.E. of mean +0-09 +0-8 


TaBLe 106. Effect of stimulation on intracellular sodium and potassium of axons in, 
artificial sea water 


Rate of Rate of 
Stimulation — gain of loss of 
Before After Nat Before After Kt 
Diameter Rate ation [Nat] [Nat], (pmole/ ([K*), [K+], (pmole/ 
no.  (shocks/sec) (min) (m) (m) em?. imp.) (m) (m) cm?. imp.) 
20 540 50 23 0-044 0-063 3-6 0-250 0-220 5-9 
21 540 50 20 0-025 0-041 3-6 0-243 0-219 5:2 
22 560 50 23 0-034... 0-051 3-5 0-215 0-184 6-3 
30 770 50 25 0-034 0-048 3-6 0-234 0-215 4-9 
31 765 50 25 0-041 0-058 4-3 0-243 0-222 5:3 
32 540 50 25 0-050 0-072 3-9 0-250 0-224 4-7 
Average 3-7 5-4 
8.E, of mean +0°8 


set at 10 mV full scale (12 cm). The stability of the Vibron on this scale 
was +100 .V in 10hr. Probably the largest source of error was in the 
change of resting potential before and after stimulation. Even though it 
was recorded just as precisely as the K electrode potential, there was 
always some possibility that small changes occurred in the tip potential of 


_ the conventional micro-electrode, which did not cancel out when the 
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difference between inside and outside measurements was taken. The total 
potential change of the K electrode was reduced to some extent by the 
increase in Na+ with stimulation. This effect was taken into account by 
inserting the post-stimulation value of (a,,), in eqn. 4 when the post- 
stimulation (a); was calculated. The relatively wide range in K* loss 
values (Table 10) no doubt reflects the inaccuracy inherent in the [K+] 
measurement. However, it is important to note that always a decrease in 
[K+] and never an increase was recorded with stimulation. 

The recorded change in Na was more reliable, since it corresponded to a 
7-10 mV change in electrode potential, which could be read quite accu- 
rately on the Vibron meter set at 30 mV full scale. Such a change was well 
beyond any small error in measuring resting potential before and after 
stimulation. 

Some information on the time sequence of the changes was obtained 
from axons 8, 9, 10, 11, 12 and 14 (Fig. 7). In A, changes in resting and 
action potential, and in B, changes in (a,,), and (a), are plotted. The 
post-stimulation values for axon no. 10 were adjusted to those expected if 
duration of stimulation was 30min instead of 45 min. The average 
changes for each recorded period are accompanied by their ranges of 
standard errors, if the range exceeded the diameter of the circle. 

The resting potential dropped at a constant rate and was apparently 
unaffected by stimulation. The action potential was falling at the same 
rate as the resting potential before the test period, but fell much more 
rapidly during stimulation at 30/sec. There was a tendency for (ay,); 
to decrease and (a,,), to increase before stimulation, which suggests that 
adjustments of the fibre to the sea water were not complete and therefore 
more time should have been allowed after cannulation. Whether significant 
or not, these early trends were both reversed by stimulation. Measure- 
ments taken an hour after stimulation showed (ay,);, (a); and action 
potential returning towards their prestimulation values. 


DISCUSSION 


The cation-selective micro-electrodes provided a simple method for 
direct measurement of intracellular sodium and potassium activities. The 
resulting values are subject to two qualifications. In the first place, the 
electrodes were standardized with known solutions of NaCl and KCl whose 
individual cation activities were regarded as equal to their mean activities. 
This assumption is not strictly correct but the error should be very small. 
The second and more important error results from liquid junction poten- 
tials at the 3 M-KCl reference electrode and the open-tipped 0-58 M-KCl 
micro-electrode (Table 9). Since estimates of the latter in axoplasm were 
doubtful, it was considered more useful to present uncorrected results. 


» of 
of 

le/ | 
mp.) 

e of 

of 

le/ 
mp.) 
) 
) 

3 | 
7 


332 J. A.M. HINKE 


However, two measurements which are independent of junction potential 
have been mentioned One is the difference in potential of a sodium 
electrode inside and outside the axon (next paragraph) and the other the 
ratio of (ax), and (ax); (used for the estimate of bound Na). 


+ 0-01 


Change in activity 


0-01 


0 30 60 | 90 120 
Time (min) 


Fig. 7. Time study of the changes in (ay,),, (ax), resting and action potentials of 
6 axons in sea water (17—19° C) before and after stimulation. Only the changes 
with respect to the initial values are plotted. The range of standard error for each 
recorded period is shown if it exceeds the diameter of the circle. Bar shows stimu- 
lation at 30/sec. 


The outside and inside Na electrode difference is a critical test of the 
action potential theory put forward by Hodgkin & Huxley (1952a). From 
their voltage clamp and conductivity studies, they deduced that the mem- 
brane changed momentarily from a state in which it was mainly permeable 
to potassium ions to one in which it was mainly permeable to sodium ions. 
In other words, the amplitude of the action potential represents the sum 
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one axon (no. 4, Table 4a) gave an action potential in excess of this 
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of the resting potential and all or part of the Na gradient potential. It 
follows that the measurement with a Na electrode, outside and inside, 
represents the maximum obtainable action potential on this theory. Only 


‘permissible maximum’, and exceeded it only by 1 mV, which is within 
the limits of error of the method. 
For an axon in sea water (a, = 0-008) the mean value of the tntental 
potassium activity (aq = 0-203) leads to a potassium equilibrium potential 
(Vz) of 80 mV. This was about 20 mV more than the resting potential. 
The results therefore support the idea that the resting potential of an 
isolated axon in sea water is substantially less than V,. 
The cation electrodes also provided a method for measuring the net 
fluxes of Na and K across the membrane after a period of stimulation. 
The net fluxes agreed with estimates made from isotope studies (Grundfest 
& Nachmansohn, 1950; Rothenberg, 1950; Keynes & Lewis, 1951). 
Further comment is required on the estimation of bound sodium in the 
axoplasm. On the assumption that the axoplasm potassium is 100 % free 
the activity coefficient, y, was 0-605 and the bound sodium 24% of the 
axoplasm sodium. For the same a, in pure KCl, Robinson & Stokes listed 
y+(25°C) as 0-680.. Hodgkin & Keynes (1953). argued that axoplasm — 
potassium must be at least 90° free. Therefore, if 10° of potassium is 
bound, the y becomes 0-670 and the bound sodium increases to 31:5%. It 
is tempting to think this estimate of y is more correct, since it is closer to 
the value for pure KCl, but there is no evidence that the activity coeffi- 
cients in axoplasm and pure KCl should be similar. In any case, not very 
much weight can be placed on y since (a), is uncorrected for junction 
potential errors. More important is the estimate of the relative degrees of 
binding of potassium and sodium which is quite independent of such error. 
Until y can be calculated from studies on an artificial axoplasm, the present 
values of potassium being 100%, free and sodium 76% free remain as 
reasonable provisional estimates. 


SUMMARY 


_l, A technique is described for constructing sodium- and potassium- 
selective glass micro-electrodes. The electrodes were calibrated against 
standard solutions and inserted through a cannula into the isolated squid 
axon to measure intracellular sodium and potassium activities. Resting 
and action potential were also recorded with intracellular electrodes and 
at the same distance from the cannula as the cation electrodes. 

2. At 20 mm depth in axons bathed in sea water (18°C), the average 
sodium activity was 0-037+0-0019 and the average potassium activity 
was 0-203 + 0-0046. In axons bathed in artificial sea water, the average 
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values were 0-0275 + 0-0017 and 0-170 + 0-0047, for sodium and potassium 
activities respectively. 


as one approached the cannula (cut end of the axon), but the sum of 
sodium and potassium remained constant. 

4. Sodium and potassium activities in extruded axoplasm were similar 
to those in isolated axons. 

5. The total content of sodium and potassium in the axoplasm was 
determined by flame photometry. The technique was such that the con- 
centrations could be compared directly with the activity measurements. 
When potassium was-assumed to be 100% ‘free’, the axoplasm activity 
coefficient was calculated as 0-605. Using this estimate, the intracellular 
sodium was found to be only 76% ‘free’. 

6. Following electrical stimulation, sodium activity increased and 
potassium activity decreased when measured at a given distance from the 
cannula. The average net fluxes were: 

Na gain, 3-8 + 0-10 pmole/cm?. impulse ; 
K loss, 5-6 + 0-80 pmole/cm?. impulse. 


potential slightly exceeded the amplitude of the action potential. This 
result supports the theory that the active membrane is selectively perme- 
able to Na ions. 

8. The potassium equilibrium potential (V,) exceeded the resting 
potential by about 20 mV. 


I am indebted to Professor B. Katz, Professor A. L, Hodgkin, Dr R. D. Keynes and 
Dr P. C. Caldwell for many helpful discussions. Also, I wish to thank the Staff of the Bio- 
physics Department, University College London, and the Director and Staff of the 
Plymouth Laboratory for much valuable assistance. This work was carried out during the 
tenure of an American Life Insurance Medical Research Fellowship. : 
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AN ELECTROPHYSIOLOGIC STUDY OF THE NEURO- 
MUSCULAR JUNCTION IN MYASTHENIA GRAVIS 


By O. DAHLBACK, D. ELMQVIST, T. R. JOHNS,* 8S. RADNER 
anp 8. THESLEFF 
From the Departments of Pharmacology, of Thoracic Surgery, and of 
Medicine, University of Lund, Sweden 


(Received 5 December 1960) 


After a study of some of the electrophysiological properties of the 
neuromuscular junction in isolated intercostal muscles obtained from 
patients with no known neuromuscular disorder (Elmqvist, Johns & 
Thesleff, 1960), a similar study was undertaken in patients with myas- 
thenia gravis. The intercostal muscles were obtained by biopsy under 
regional anaesthesia from six patients with chronic and non-localized 
myasthenia gravis. Immediately upon removal the muscles were studied 
by the use of intracellular electrodes. Evidence will be presented for a 
pre-junctional deficiency of transmitter formation or transmitter release. 


METHODS 


The group of six patients with chronic active non-localized myasthenia gravis included 
one male and five females, with ages from 18 to 57 years. No patient was selected in whom 
there was doubt regarding the diagnosis. The study was not done on patients with acute 
severe myasthenia gravis at the time of the biopsy. One patient had had a thymectomy 
followed by a marked remission, 

Intercostal muscles, usually the external, were obtained from the 5th to Tm mnheroogtal 
spaces in the mid-axillary line. The muscles were carefully dissected under regi aesth 

and then studied under conditions similar to those described by Elmqvist et al. (1960). The 
biopsies were done on an outpatient basis, all patients tolerating the procedure extremely 
well, a few experiencing pain at the operative site for several hours. Five of the patients 
had been receiving daily doses of neostigmine or mestinon, while one was-receiving no medi- 


biopsy. Control muscles were obtained during thoracotomy procedures on patients of both 
sexes and with no known muscle disease. 

The usual techniques were employed for intracellular recording with capillary glass micro- 
electrodes (Fatt & Katz, 1951) and for iontophoretic micro-application of acetylcholine 
(del Castillo & Katz, 1955). 

A change in the composition of the external fluid was produced either by altering the 
bathing fluid or by superfusing the end-plate region with solutions delivered from a pipette, 
as described by Nastuk (1959). The basic composition of the bathing fluid was that used by 


* John and Mary R. Markle Scholar in Medical Science (Neurology), Present address: 
Division of Neurology, School of Medicine, University of Virginia, Charlottesville, Virginia. 


cation. In no instance was the ordinary daily medication altered during the day of the 
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Liley (1956a). Alterations in potassium concentration were accompanied by an iso-molar 
change (of opposite sign) in sodium concentration. 

Indirect stimulation was accomplished by stimulating fine nerve branches through a 
micro-pipette filled with 3m-NaCl solution. The duration of the stimulating impulse was 


10 psec. 


Fig. 1. The end-plate region of a single fibre from a myasthenic patient was localized 
(A) by the recording of an e.p.p. with a fast rising phase, or (B) by the recording of a 
transient membrane depolarization in response to iontophoretically applied ACh. 
The current through the pipette appears in the lower tracing and is equivalent to a 
total charge of 2x 10-C. A.C. artifact 50 c/s. Voltage calibration, 1 mV. 


RESULTS 


The resting membrane potential of single muscle fibres was 70-90 mV, 
which is similar to that of normal muscle (Eimqvist et al. 1960). In the 
muscles obtained from the six myasthenic patients 97 end-plate regions 
were located by direct observation of fine nerve branches and either by 
the recording of an end-plate potential (e.p.p.) with a fast rising phase 
(Fig. 1.4), or by the recording, as shown in Fig. 1 B, of membrane depolari- 
zation in response to iontophoretic micro-application of acetylcholine 


(ACh). The total length of each of the ACh-sensitive areas was 0-1—0-2 mm. 
| 22-2 
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In the great majority of the fibres from myasthenic patients spontane- 
ous prejunctional activity, recorded as miniature end-plate potentials 
(m.e.p.p.s), was markedly decreased in frequency, or completely absent. 
In but 3 fibres from one patient were m.e.p.p.s of about normal frequency 


m.e.p.p.s were observed (1-—2/3—5 min). 
The amplitude and the time course of the m.e.p.p.s were similar to those 
of normal muscle (Fig. 2). 


2 sec 


Fig. 2. Spontaneous m.e.p.p.s recorded in a muscle obtained from a patient with 
myasthenia gravis. 


As demonstrated by Liley (19565), an increase in the potassium con- 
centration of the bathing fluid markedly increases the frequency of 
m.e.p.p.s. In the rat diaphragm the frequency of m.e.p.p.s increases about 
1000 times in response to a 30 mm potassium solution and this change 
persists for at least 20 min. The amplitude of the m.e.p.p.s is reduced in 
proportion to the potassium-induced fall in the resting membrane —_— 
tial of the muscle fibre (Liley, 19565). 

In normal human intercostal muscles a change in the potassium con- 
centration from 5 to 30 mM invariably produced a long-lasting hundred- to 
thousandfold increase in the discharge frequency of m.e.p.p.s (Fig. 3A, 
B). Just as invariably, on the other hand, the application of a similar 
potassium concentration to muscles from myasthenic patients produced 
no increase in the frequency of m.e.p.p.s (Fig. 3C, D). Even after long 
periods of immersion (15-30 min) in solutions containing potassium in 
concentrations varying from 10 to 40 mm, no increase in the frequency of 
m.e.p.p.s was observed. The difference between normal muscles and those 
obtained from myasthenic patients was particularly well demonstrated 
when, instead of changing the bathing fluid, the neuromuscular junction 
was superfused by a solution containing 30 mm potassium. Immediately 


(0-2/sec) recorded (Fig. 2). In the remaining fibres only occasional: 
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following the potassium application in the normal muscle, there was a 
marked increase in the frequency of m.e.p.p.s, but no such change was 
observed in muscles from patients with myasthenia gravis (Fig. 4). An 
increase of the external calcium-ion concentration to twice normal did not 
alter the response of myasthenic muscles to potassium. 


2 sec 


Fig. 3. The frequency of m.e.p.p.s in the presence of a solution containing 5 mm 
potassium (records A, C) and a solution containing 30 mm potassium (records B, D). 
Records A and B are from a normal muscle and C and D from a muscle of a myas- 
thenic patient. Time marker, record B, 20 msec. 


With potassium in concentrations of 20-30 mm the resting membrane 
potential of muscle fibres was reduced to 45-65 mV in both normal muscles 
and those from myasthenic patients. With the pipette superfusion tech- 
nique the resting membrane potential was higher. 

The transmitter release produced by nerve stimulation can be studied 
by determinations of the amplitude of e.p.p.s during and following periods 
of repetitive nerve stimulation. Therefore, the e.p.p. was recorded by 
intracellular electrodes in muscles from normal and myasthenic patients. 
In order to block neuromuscular transmission in normal muscles, tubo- 
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curarine was used (0-2—0-3 mg/100 ml.). In myasthenic muscles a short 
period of high-frequency nerve stimulation produced a lasting block of 
transmission to the majority of the fibres. 

In normal muscles a brief period (2-3 sec) of repetitive nerve stimulation 
at a frequency of 100/sec or more, produced, after a short delay, a marked 
increase in the amplitude of the e.p.p., which increase lasted for about 
1 min. In myasthenic muscles there was either no post-tetanic facilitation 
of the e.p.p., or only slight and short-lasting facilitation (Fig. 5). The 
‘amplitude of successive subthreshold e.p.p.s in a muscle from a myas- 
thenic patient fluctuated at random without a progressive decline. In nor- 
mal curarized muscle a similar stimulation frequency rapidly reduced the 
e.p.p. to a low and relatively stable value (Fig. 6). 


Fig. 4. When the end-plate region of a fibre is superfused from a pipette with a 
solution containing 30 mM potassium, a marked increase in the m.e.p.p. frequency 
occurs in normal muscle (A). Record B is from the same fibre after 60 min of 
continuous superfusion. No m.e.p.p. discharge is observed in a myasthenic 
muscle in response to a similar application of potassium (C). The m.e.p.p.s was 
recorded with an a.c. amplifier while the d.c. potential of the fibre is shown in the © 
lower tracing. Onset of superfusion is marked by interruption in the tracings. Time 
marker, 10 sec. Voltage calibration for upper tracings: records A and B, 1 mV; 
record C, 0-5 mV; for lower tracings in all records, 10 mV. 


DISCUSSION 


The recording of m.e.p.p.s with normal amplitude and time course 
indicates that the chemical sensitivity of the post-junctional membrane in 
muscles from myasthenic patients is similar to that in normal healthy 
subjects. Furthermore, end-plate ‘spots’ with a high sensitivity to ACh 
were observed in myasthenic muscles (Fig. 1B). These findings make it 
unlikely that the neuromuscular defect is of post-junctional origin. 
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Castillo & Katz (1954) and Liley (19566), potentiation of the e.p.p. in 
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In muscles from patients with myasthenia gravis the low spontaneous 
m.e.p.p. frequency, and the lack of a frequency increase in response to 
potassium, suggest a pre-junctional deficiency affecting transmitter 
release. This possibility is supported by the absence of significant post- 
tetanic facilitation of the e.p.p. in such muscles. As was shown by del 


response to nerve stimulation involves a recruitment of transmitter 


after (right-hand records) a period of repetitive nerve stimulation at about 100/sec. 
The upper records are from a curarized muscle of a normal patient and the lower 
ones from a non-curarized muscle of a myasthenic patient. Note that in the normal 
patient post-tetanic facilitation of the e.p.p. is responsible for a movement artifact. 
Voltage calibration: upper records, 1 mV; lower records, 0:5 mV. 


release. The amplitude of successive e.p.p.s in the myasthenic preparation 
fluctuated at random, and depression of the response to high-frequency 
stimulation failed to occur when the e.p.p. was already reduced to a sub- 
threshold level by a preliminary period of nerve stimulation. Del Castillo 
& Katz (1954) demonstrated that such behaviour characterizes e.p.p.s in 
the presence of high magnesium- and low calcium-ion concentrations, 1.¢. 
when the quantal ACh content of transmitter release is reduced to a low 
value, 
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Thus, the results obtained from the present studies of spontaneous 
transmitter release, as well as of the e.p.p., strongly indicate that there 
exists in myasthenia gravis a deficiency affecting either transmitter forma- 
tion or the transmitter release mechanism. Desmedt (1957, 1958) has 
reached a similar conclusion after studying post-tetanic effects with the 
electromyogram and isometric myogram in myasthenic patients. _ 


Fig. 6. E.p.p.s in response to repetitive nerve volleys at 100/sec. The upper 
record is from a normal curarized muscle and the lower one from a non-curarized 
muscle obtained from a patient with myasthenia gravis. Voltage calibration, 1 mV. 


None of the myasthenic patients in our study had clinical signs or 
symptoms indicative of involvement of the intercostal muscies (nor of the 
diaphragm). Yet the pathological-physiological changes described in the 
present experiments were present in the intercostal muscles of all patients. 
Therefore it is likely that the disease involves all the skeletal muscles, but 
is clinically evident as weakness only in. those most severely affected. 
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SUMMARY 


1. Some of the electrophysiological properties of the neuromuscular 
junction have been studied by the use of intracellular electrodes in 
isolated intercostal muscles obtained from patients with myasthenia gravis 
and from those with no known neuromuscular disorder. 

2. Spontaneous pre-junctional activity, recorded as miniature end- 
plate potentials (m.e.p.p.s) was markedly decreased in frequency in muscles 
from myasthenic patients. The application of a solution containing 10- 
40 mm potassium produced no increase in the frequency of m.e.p.p.s in 
myasthenic muscles, whereas in normal muscle it invariably caused a 
hundred- to thousandfold increase in the discharge frequency of m.e.p.p.s. 

3. In normal muscle a short period of high-frequency nerve stimulation 
produced a marked post-tetanic facilitation of the amplitude of the end- 
plate potential (e.p.p.). In myasthenic muscle no post-tetanic facilitation, or 
only slight and short-lasting facilitation, was observed. During tetanic nerve 
stimulation the amplitude of successive subthreshold e.p.p.s in myasthenic 
muscles fluctuated at random without a progressive decline. In normal 
curarized muscle a similar stimulation frequency rapidly reduced the e.p.p.. 
to a low and stable value. 

4. It was concluded that the results obtained from the present studies 
of spontaneous transmitter release and of the e.p.p. strongly indicate that 
there exists in myasthenia gravis a prejunctional deficiency affecting either 
transmitter formation or the transmitter release mechanism. 

We are greatly indebted to Professor T. Broman and the Department of Neurology, 
Sahigrenska sjukhuset, Gothenburg, for their assistance in obtaining patients for this study. 
This investigation was aided by United States Public Health Service research grant B-2646 
from the National Institute of Neurological Diseases and Blindness, by the Muscular 


Dystrophy Associations of America, Inc., and by the Air Research and Development Com- 
mand, United States Air Force, through its European Office. : 
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METABOLIC FACTORS AFFECTING THE ELECTRICAL 
ACTIVITY OF INTESTINAL SMOOTH MUSCLE 


By J. AXELSSON anp EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 


(Becesved 9 December 1960) 


In a recent investigation it was found that the abolition of sadanbous 
spike discharges and the hyperpolarization, which adrenaline caused in 
intestinal smooth muscle, occurred simultaneously with an increase of 
phosphorylase activity (Axelsson, Bueding & Biilbring, 1959). The hyper- 
polarizing effect of adrenaline was found to be decreased or abolished when 
the muscle was depleted of glycogen by exposure to glucose-free medium. 
This suggested that the effect of adrenaline on the electrical activity of 
smooth muscle was to some extent brought about by an influence on 
metabolic rate. It was therefore interesting to see if other conditions, in 
which a direct influence on metabolic rate could be expected, would affect 
the electrical activity in a similar way. 

Two preliminary reports of such experiments have already been given 
(Axelsson & Biilbring, 1960a, 


METHODS | 


All experiments were performed on the guinea-pig’s taenia coli. Simultaneous records 
of membrane potential, action potentials and tension were obtained by the sucrose e-gap 
method {Staémpfli, 1954; Burnstock & Straub, 1958). 

Some modifications of the apparatus were made to improve temperature pare and effect 
quick changes of temperature. Otherwise the apparatus was the same as that described 
by Burnstock (1958) and Biilbring & Burnstock (1960). 

The composition of the bathing solution was (mm): Nat 137-47, Ca*+ 2-49, K+ 5-93, Mg*+ 
1-19, Cl- 134-11, HCO,~ 15-48, H,PO,- 1-19, glucose 11-50. This solution was saturated with 
& gas mixture of 97 % O, and 3% CO,. Its pH was 7-4-7-5. In those experiments in which 
glucose was withdrawn, the composition of the solution was otherwise unchanged; or, in 
a few experiments, the glucose was replaced by an equivalent amount of sucrose. In some 
experiments the NaCl was replaced by an equivalent amount of LiCl; the composition of 
the solution was otherwise unchanged. The temperature was usually 37° C; it could be 
changed by more than 10° C in one minute. 

The metabolic inhibitors used were: Mono-iodoacetic acid (IAA) in concentrations from 
10-* to 10-* and sodium azide (NaN,) in the same concentrations. 

The tension was recorded with a mechano-electric transducer valve (RCA 5734) mounted 
as described by Biilbring (1955). The initial tension of the muscle was adjusted to 0-5-1 g. 
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RESULTS 

The effect of temperature changes on the spontaneous electrical activity of 

_ the smooth muscle and on the rate at which it can be electrically driven 
A rise in temperature (from a range of 23-27° C to 33-37° C) temporarily 
slowed the frequency of spontaneous spike discharge, which in some 
_ experiments stopped for 1-2 min. Usually this effect was accompanied by 
a rise in membrane potential. This response to raising the temperature 
was seen best when the preparation had been kept from the beginning of 
the experiment slightly above room temperature (23-27° C) and showed 
relatively slow spontaneous activity. 
Figure 1 shows a typical temperature effect on a muscle at very low 
initial tension. The rise in temperature caused immediate cessation of 
electrical activity, and hyperpolarization. When spike activity started 
again at the higher temperature it was much faster than before. | 
In Fig. 2 a typical effect of lowering the temperature is seen. On cooling, 
the activity became faster and there was a considerable depolarization. 
It should be noted that at 33° C the membrane potential between spikes 
was fairly stable. As soon as cooling started each spike was followed by a 
hyperpolarization and, as the frequency increased, there was a slow 
_ membrane depolarization between spikes, so that at 27° C the potential 
oscillated and spikes occurred on top of each wave. As the temperature 
declined further the frequency of discharge diminished accordingly. Later, 
when the temperature was allowed to reach the initial height, the mem- 
brane potential rose again and it also became stable between spikes. 
When the initial tension was very high, as in Fig. 3, only a very short- 
lasting inhibition was seen when the temperature was raised; one spike 
_ dropped out. The higher temperature caused no secondary increase in 
frequency. However, each individual tension eepoene was stronger, and 
the rate of relaxation became faster. 
A transient inhibition during warming, varying in degree, was seen in 
every experiment, each including a number of observations. In some 
experiments the muscle was subjected to electrical stimulation. It was 
_ found to be more easily driven when moderately cooled. Conversely, 
warming always caused some spikes to fall out and sometimes made the 
preparation inexcitable for a short time. 
It should be remembered that a change in the effective driving rate 
might be the consequence not only of a change in excitability but equally 
of a change in conductivity. In using the sucrose-gap method the failure 
to record a spike in response to a supra-maximal stimulus might be due to 
blocked or impaired conduction in the piece of muscle between the 
stimulating and recording electrodes. This objection might therefore be 
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valid for all experiments where electrical stimulation was used. Similarly, 
when no spontaneous activity was recorded, it would only indicate that no 


spontaneous firing was taking place at the point of recording, but block of 
conduction might obscure activity elsewhere. 


Spontaneous 
Vi 
26°C 
1 min b 


Fig. 1. Guinea-pig taenia coli. Upper record, membrane potential and electrical 
activity; lower record, tension. (a) A rise in temperature (starting at arrow) 
from 26 to 35°C stopped spontaneous activity and increased the membrane 
potential: (b) 2 min later spontaneous discharge returns at a faster rate in spite 
of the —* membrane potential. 


t | 30 sec 
a b d 


Fig. 2. The effect of cooling (starting at arrow). Records as in Fig. 1. 40sec 
interval between (a) and (b); 20 sec between (b) and (c); 5 min between (c) and 
(d). For description see text. 
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Fig. 3. The effect of warming (starting at arrow). Records as in Fig. 1. 
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The effect of removing and returning the external glucose 


The procedure of removing and returning the external glucose could be 
repeated many times and at short intervals. A great number of obser- 
_ vations could therefore be made in each experiment. Removal of glucose . 
gradually abolished the muscle tension (Feldberg & Solandt, 1942). This 
was due to a failure of the spikes to evoke a tension response. Indeed, the 
removal of glucose from the medium usually increased the spontaneous 
electrical activity of the muscle. Moreover, while the range of frequencies 
at which the preparation could be driven in normal solution was narrow 
and very close to the frequency of spontaneous discharge, the driving 
range widened in the absence of glucose, increasing particularly towards 
the higher frequencies. But as the spontaneous membrane activity and its 
electrical excitability increased, the tension declined. 

Figure 4 shows a typical effect of withdrawal of external glucose. In 
normal solution (a) the muscle responded to only every other of a series of 
stimuli applied at a frequency of 36/min. The spontaneous discharge was 
9/min. Fifteen minutes after the removal of glucose (b) the muscle re- 
sponded with an action potential to every stimulus (frequency, strength 
and duration of stimuli unchanged) and the frequency of spontaneous 
discharge was now 33 spikes/min. In spite of the increased rate of spike 
discharge the tension was now very low. 

When glucose was returned to the solution a varying degree of inhibi- 
tion was observed in every experiment. This inhibition was usually of 
long duration. The records shown in Fig. 5 are taken from the same experi- 
ment as those in Fig. 4, at a later stage after glucose had been removed 
repeatedly for several periods of about 15 min. The typical effect of 
reintroducing glucose is seen. The spontaneous spike frequency in glucose- 
free medium (a) was 24/min. The preparation could be driven up to the rate 
of 42/min. The frequency of 20/min was too slow, the muscle fired spon- 
taneously between the stimuli, and there seemed to be no correlation 
between the stimili and the action potentials. The presence of glucose for 
only 4 min (6) slowed spontaneous activity down to 6/min and the driving 
rate was also greatly reduced. At a frequency of 32/min only every second 
or third stimulus evoked a spike, but the tension was already greatly 
improved. After 18 min in glucose-containing solution (c) the preparation 
could still only be driven at 3/min. After 30 min in glucose-containing 
_ solution (d) the maximal-driving rate had risen to 20/min. 

In many experiments the effect of reintroducing the glucose was best 
seen in the beginning, after the first long withdrawal of the external 
glucose. Sometimes after repeated withdrawal of glucose the effect of 
reintroducing it was small and short-lasting as far as the spontaneous 
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Fig. 4. The effect of removing the glucose from the bathing solution: a normal ; 
b glucose-free. Records as in Fig. 1. Note the increase in driving rate and in 
spontaneous activity after the removel of glucose. Time marker, 10 sec. Further 
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a b 


description see text. 


Glucose-free 


4 min glucose 


38 


32 | 


18 min glucose 


30 min glucose 


min 


Fig. 5. The effect of returning the glucose after exposure to glucose-free solution. 
Records as in Fig. 1. Figures give driving rate per minute. Time marker, 10 sec. 


For description see text. 
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activity was concerned, but it was more clearly seen on the driving rate. 
Figure 6 shows an example of this kind. The upper record (a) was taken 
from a muscle in glucose-free solution easily driven at a frequency of 
34/min. After the reintroduction of glucose the preparation soon re- 
sponded with a spike only to every other stimulus. It should be noted, 
however, that there was at first a tension response to each stimulus. This 
observation indicated that the failure to record a spike was here due to a 


34/min 
| | i 
Spontaneous 
15} 


Fig. 6. The effect of returning glucose (at arrow) after repeated exposure to glucose- 
free medium, totalling 45 min in (a) and 85 min in (b). The depressed excitability 
is seen in the driven — in (a), @ more transient effect on spontaneous 
activity in (6). 


failure in conduction. The lower record (b) shows the effect of the third 
application of glucose, after 20 min withdrawal, on the spontaneous 
activity of the same muscle. There was only a very short-lasting inhibition. 
In both records the electrical activity was slowed while the tension 
increased. 


The effect of metabolic inhibitors 
Metabolic inhibitors have been found to cause an initial stimulation 
(Born & Biilbring, 1955), but Biilbring & Liillman (1957) found that 
iodoacetate was an exception as, in a concentration of 10-*M, it caused no 
increase of electrical activity. We have used fifty times lower concentra- 
tions and observed that, like dinitrophenol (DNP) and azide, iodoacetate 
increased the rate of spontaneous spike discharge. In one experiment it 
was also found to increase the driving rate of the muscle from 14 to 30/min. 
The effect of [AA was not easily reversible and oo within the 
same experiment. 
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The effect of a metabolic inhibitor on the usual effect 
produced by temperature change 
LAA, in the concentration of 5x 10~* g/ml., was found to abolish the 
usual inhibitory effect of a sudden rise in temperature on the electrical 
activity of the taenia coli. Figure 7 shows that the rise in temperature, 
which in normal conditions (a) stopped the spike activity, in the presence 


28° C 345° C 36°C 


¢ 1 min 


Fig. 7. The abolition of the effect of raising the temperature by iodacetate: 
(a) normal solution; (b) after 27 min in IAA. Note transient inhibition of electrical 
activity and hyperpolarization in (a) and immediate acceleration of spike dis- 
charge in (b). Records as in Fig. 1. 


Fig. 8. The effect of returning glucose after prolonged exposure to glucose-free 
solution (a); the abolition of this effect by azide, given at arrow, (6); and the 
increase of membrane polarization /~\ »fter removal of azide (W). Records as in 
Fig. 1. Time marker, 10 sec. 


of [AA (6) only increased the spike frequency. The records also show the 
acceleration of spontaneous activity by IAA. When lower concentrations 
of IAA (2x 10-*) were used, its effect was sometimes reversible, but it was 
difficult to determine a suitable concentration. Either the muscle activity 
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was irreversibly blocked after a very short period of increased activity, or 


the preparation became more excitable again. It then became depolarized 


‘bathing solution and, as soon as the first inhibitory effect of the glucose © 
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it was not affected at all. Thus there were only a few successful experiments 
in that the temperature effect could be re-tested after recovery. 


The effect of metabolic inhibitors on the effect of daieslonsed 
the glucose after a period of depletion 


Metabolic inhibitors also abolished the inhibitory action of restoring the 
normal glucose concentration after a period of depletion. The record in 
Fig. 8a is taken from a preparation which in the absence of glucose could 
be driven at a frequency of 44/min. When glucose was added (a) the pre- 
paration failed to respond and a spike was only evoked by every other 
stimulus. The addition of NaN, in (6) abolished the effect of glucose and 


to such an extent that stimulation became ineffective. When NaN, was 
washed out (c) at W, glucose being present throughout, the membrane 
repolarized and spike activity reappeared. 


‘The effect of removal of glucose on changes in electrical 
activity normally produced by temperature changes 

In these experiments the temperature effect was first recorded in normal 
conditions. Then the glucose was withdrawn from the solution. During 
the gradual depletion the effect of raising the temperature was tried 
repeatedly and it was found that its inhibitory effect became gradually 
wéaker until it was fully abolished. The abolition usually coincided with 
the point when the tension response was nearly abolished, which occurred 
after a period varying from } to 2 hr. The glucose was then returned to the 


had passed off, the effect of raising the temperature was tested again. It 
then produced its usual inhibitory action. 

In Fig. 9 the inhibitory action of a rise in temperature in normal solution 
is not shown. After 80 min in glucose-free solution (a) the rise in tempera- 
ture had still some inhibitory effect. After 2 hr in glucose-free solution (6) 
the tension response was almost abolished. In spite of this, and in spite 
of the temperature being lower than in (a), the spontaneous activity was 
faster. A rise in temperature had now no inhibitory effect, it, only accele- 
rated the spike frequency. 


The effect of substituting Li for Na on the usual effect 

of glucose and of raising the temperature 
In two experiments all the NaCl of the test solution was replaced by 
LiCl, Na being present only as NaHCO, in its normal concentration. The 
23 PHYSIO, OLVI 
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effect of removing the glucose and its replacement was tested, both on 
spontaneous activity and driving rate. 

The results are shown in Fig. 10. In (a) spontaneous activity is seen 
first, then the spikes increased in amplitude when they were evoked by 
electrical stimulation (33/min). This muscle had been in glucose-free 


No glucose for 80 min 


No glucose tr 2 "3 


30° C aC. 


1 min 


Fig. 9. The inhibitory action on raising the temperature (a) being gradually abolished 
by prolonged exposure to glucose-free solution (b). Records as in Fig. 1. 


| aCl | 

a | | 
Licl tor 30 min ie 


Fig. 10. In each record the muscle had been a to glucose-free solution 
for 30 min, Substitution of NaCl by LiCl (6) abolished the inhibition caused by 
returning glucose (at arrow) to the medium containing NaCl (a) and (c). In (a) and 
(6) a short period of spontaneous activity is shown before electrical stimulation 
began. In (c) the preparation was electrically stimulated throughout. Records 
as in Fig. 1. 
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to produce the same effect. This is what was observed. 
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solution for 30 min and the usual inhibitory effect of glucose was seen. In 
(b) the same procedure was repeated, but in a solution which contained Na 
in only 11% of the normal concentration. Glucose now had no effect. In 
(c) after the normal Na concentration had been restored glucose regained 
its inhibitory action. 

One similar experiment was done in which the effect of raising the 
temperature was tested in low sodium. It was also found to be reduced in 
lithium solution. 

DISCUSSION | 

A rapid increase in temperature from 23-27° C to 33-37° C was found to 
cause a transient depression or abolition of spontaneous electrical activity. — 
It was also found to depress the conducted response to electrical stimulation. 
This observation was consistent with the hypothesis that the inhibition 
was somehow exerted via increased metabolic rate, which would be 
expected to rise when the temperature was raised by 10° C. Two attempts 
to test this hypothesis have been described. First, if the temperature 
effect was due to a change in metabolic rate, it should not be seen in the 
presence of metabolic inhibitors. Secondly, it would be expected to be 
abolished when the preparation was depleted of glycogen. It was found 
that in both conditions a rise in temperature had no inhibitory effect. 

It was also found that moderate cooling caused a transient increase in 
spontaneous frequency and driving rate in many experiments. If this was 
due to a decreased metabolic rate, metabolic inhibitors would be expected 


On the basis of the same hypothesis it could be expected that removal of 
glucose as external energy source, and depletion of muscle glycogen, would 
accelerate the spontaneous spike discharge and facilitate electrical stimu- 
lation. This was observed in all experiments. Moreover, when the externa! 
source of energy was restored, an immediate inhibition of both the spon- 
taneous spike discharge and of the driving rate was seen. This inhibition, 
produced by returning the glucose to the medium, was abolished by 
metabolic inhibitors. 7 

The changes in electrical activity induced by the experimental con- 
ditions described here could thus all be explained as being secondary to 
changes in metabolic rate. This interpretation is supported by an obser- 
vation shown in Fig. 8 of the following paper (Axelsson, Bueding & 
Biilbring, 1961) in which phosphorylase activity was increased 3-4 times 
when the temperature was raised from 26 to 36° C. Usually, when the 
preparation was warmed, we observed an increase in membrane polari- 
zation which coincided with and outlasted the cessation of electrical 
activity. The close correlation between the recorded polarization and spike 
activity indicated a true hyperpolarization. a 
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It was known (Feldberg & Solandt, 1942) that removal of glucose 
abolished smooth-muscle tone. In the present work it was found that this 
was due, not to a cessation of electrical activity, but to the failure of the 
action potentials to. evoke a tension response. When the external energy 
source was restored by returning the glucose to the medium the tension 
response was immediately increased. The increase in the force of the 
mechanical response coincided with the depression of the membrane 
excitability, providing further support for the assumption that the 
membrane stabilization was brought about by an increased rate of energy 
supply. It should be noted that the effect of returning the glucose could 
be easily reproduced in the same preparation once it was sufficiently 
depleted of glycogen. 

The potency of several substances, as substitutes for glucose as external 


source of energy after glucose depletion, has been tested in a separate 


investigation (Axelsson, Biilbring & Krebs, unpublished). The relative 
abilities to reduce spontaneous activity and electrical excitability (driving 
rate) and to restore the tension response were used as criteria. This in- 
vestigation showed that sodium acetate and sodium acetoacetate could be 
utilized after glucose depletion. Like glucose they temporarily suppressed 
electrical activity. Evidence that these substances provided energy 
was seen in the fact that their application also restored the tension 
response. | 

The similarity between the effects of returning the glucose and of 
raising the temperature is striking. It is tempting to think that the cause 
for the latter is essentially the same, i.e. a rise in the rate of energy supply. 
The effect of returning the glucose is usually of long duration. The tem- 
perature effect is always short-lasting, as the muscle accommodates to the 
higher rate of metabolism, and the final result is an increased frequency. 
This would be expected at higher temperature, rather than the initial 
change in the opposite direction. | 

The question remained how an increased rate of energy supply caused 
the membrane stabilization. If some of the energy were utilized for the 
active extrusion of sodium, it would become of interest to see what would 
happen in a sodium free solution. We did a few experiments in which the 
Na was substituted by Li, making the assumption that Li was not as 
readily pumped out as Na (Keynes & Swan, 1959). We found tbat the 
effects of both glucose and temperature were now much less and sometimes 
absent. 

It is, however, likely that the relationship between the sources of energy 
or the metabolic rate and the excitability or conductivity of the smooth 
muscle is much more complex than through a direct stimulation or in- 
hibition of sodium extrusion. Other factors such as interference with the 


Ic 


fre 
| 
3 
p 
tir 
p 
| al 
4 
re 
ta 
CC 
8 
pe 
Ol 
C 
be 
W 
W 
n 
el 
Sl 
n 


METABOLISM AND SMOOTH-MUSCLE ACTIVITY 355 


free Ca concentration as a consequence of increased metabolic rate, or 
primary changes in passive Na or K permeability, are alternative explana- 
tions. All these actions, together with changes in active Na transport, 
might play a role in determining the final results. The experimental facts 
presented here can, in view of the method, be subjected to many inter- 
pretations but, recognizing the indirectness of the evidence, we have come 
to the conclusion that the metabolic rate influences the electrical activity 
and excitability in intestinal smooth muscle. 


SUMMARY 


1. Isolated smooth muscle preparations from guinea-pig taenia coli were 
used for measurements of tension with simultaneous records of membrane 
potential and action potentials obtained with the sucrose-gap method. 

2. Two types of experiments affecting the metabolic rate and the energy 
supply were carried out: (a) changing the temperature, (b) removing and » 
returning the glucose in the bathing fluid. 

3. A rapid rise of temperature caused a transient inhibition of spon- 
taneous spike discharge and depressed electrical excitability. Moderate 
cooling increased the spontaneous spike frequency and facilitated electrical 
stimulation. 

4. Similarly, withdrawal of glucose increased the rate at which a pre- 
paration could be electrically stimulated and sometimes also the frequency 
of spontaneous spike discharge. Returning the glucose to the medium 
caused a transient depression of the spontaneous electrical activity and of 
the driving rate. 

5. In the absence of glucose the action potentials, which continued to 
be discharged for several hours, failed to evoke a tension response. This 
was restored by returning the glucose to the medium at the same time at 
which electrical activity was slowed. 

6. The effects of both glucose and temperature were abolished by 
metabolic inhibitors. The effects of temperature were also abolished after 
prolonged exposure to glucose-free medium. 

7. The inhibitory effects of both temperature and glucose on the 
electrical activity of the muscle were greatly diminished when Na was 
substituted by Li in the bathing fluid. 

8. The influence of metabolic rate on the electrical activity of this smooth 

muscle is discussed. 


One of the authors (J.A.) wishes to express his ciple ead for a grant received from the 
Icelandic Scientific Research Fund. 
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THE INHIBITORY ACTION OF ADRENALINE ON INTESTINAL 
‘SMOOTH MUSCLE IN RELATION TO ITS ACTION 
ON PHOSPHORYLASE ACTIVITY 


By J. AXELSSON,* EK. BUEDING} anp EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 


(Received 9 December 1960) 


Previous work on the electrical changes produced by adrenaline on 
intestinal smooth muscle has been carried out on preparations from the 
guinea-pig taenia coli (Bilbring, 1954; Burnstock, 1958). This tissue 
exhibits rhythmic activity which is the basis of its tone. Adrenaline 
abolishes this tone because it stops the spontaneous spike discharge. It 
also depresses the conducted response when the tissue is stimulated electri- 
cally and causes an increase of the membrane potential. In the preceding 
paper (Axelsson & Biilbring, 1961) evidence has been presented indicating 
that the electrical activity in this tissue may be influenced by the metabolic 
tate. It was therefore of interest to know whether adrenaline, which is 
known to increase phosphorylase activity in some types of muscle, had 
this action also in the smooth muscle of the taenia coli. If so, its effect on 
electrical activity might be related to its metabolic action. 

We therefore carried out experiments in which we measured the effect 
of adrenaline on phosphorylase activity of taenia coli and, simultaneously, 
recorded the electrical and mechanical changes which adrenaline produced 
in another piece of taenia taken from the same animal. We found a good 
correlation between the biochemical and biophysical changes, suggesting 
that the latter might be brought about as a consequence of an increased 
activation of phosphorylase. 

Some of the results have been reported to the Physiological Society 
(Axelsson, Bueding & Biilbring, 1959; Axelsson & Biilbring, 1960). 


METHODS 


Adult guinea-pigs of both sexes were used. They were killed by stunning and bleeding. 
‘The taenia coli was removed by cutting out pieces which were, as far as possible, of equal 
length in situ (25-27 mm). Usually 8-10 pieces could be obtained from one guinea-pig. 
One end of each piece was fixed to one of a row of prongs at the lower end of a Perspex 
holder, while the other end was tied to one of a second row of prongs which could slide along 
the holder. The pieces were thus held parallel and, after immersion in the isolated organ 
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bath, all pieces were stretched simultaneously to the same extent (120% of the original 
length) by sliding the mobile row of prongs upwards. 
At the same time one additional piece of taenia was prepared and inserted into the’sucrose- 
gap apparatus for electrical recording, The method has been described in detail in previous 
papers (see Biilbring & Burnstock, 1960; Axelsson & Biilbring, 1961). As the preparation 
in the sucrose gap apparatus was bathed in continuously flowing solution, the fluid in the 
isolated organ bath containing the remaining pieces was also continuously changed by a 
similar slow inflow and kept at a constant level by overflow. The composition was the same 
as that described by Axelsson & Biilbring (1961). The temperature in both apparatus was 
kept constant at 35° C by the same warm-water circulating system. 
The dissection Ringer’s solution contained (mm): NaCl 150, KCl 5, CaCl, 2-5, glucose 11-5. 
The time required for dissection, weighing and setting up the preparations was on the 
average 40 min. Another 40 min was allowed for recovery in warm oxygenated Krebs’s 
solution (see Axelsson & Biilbring, 1961) before the experiment was begun. The preparation 
from which the electrical records were obtained was subjected simultaneously to the same 
experimental procedures as those applied to the remaining pieces suspended in the isolated 
organ bath, from which they were removed, one after the other, at certain intervals of time 
for the determination of phosphorylase activity. 
Phosphorylase activity of taenia coli was determined in the following manner, The 
previously weighed piece of taenia (15-25 mg) was blotted and placed in a container sur- 
rounded by ice, cut rapidly to a fine mince, transferred quantitatively into an all-glass 
micro-homogenizer surrounded by crushed ice and homogenized with 10 volumes of an 
ice-cold solution containing potassium citrate buffer (pH 6-7; 0-06 m) sodium fluoride 
(0-05 m) and potassium ethylene diamine tetraacetate (0-005 m): 0-1 ml of this homogenate 
was added to 0-2 ml. of the reaction mixture. After the addition of the homogenate the 
finai concentrations of the constituents of the assay mixture were: 0-035 m-glucose-1-phos- 
phate, 0-05 g glycogen/100 ml., 0-06 m potassium citrate buffer (pH 6-7), 0-02 m sodium 
fluoride and 0-005 m ethylene diamine tetraacetate. Immediately following the addition 
of the taenia homogenate an amount of 0-1 ml. (initial sample) was pipetted into 0-4 ml. 
of an ice-cold solution of trichloroacetic acid (5 g/100 ml.). The remainder of the assay mix- 
ture was incubated at 34° C for 13 min. After this period another 0-1 ml. (final sample) was 
added to 0-4 ml. of the trichloroacetic acid solution. This final mixture was centrifuged 
at 3500 g for 30 min at 0° C and inorganic phosphate was determined in a sample (0-2 ml.) 
of the supernatant solution according to the method of Fiske & Subbarow (1925) with the 
aid of an EEL colorimeter (filter number ORI; final volume, 1-0 ml.). The difference in the 
concentration of inorganic phosphate between the final and the initial samples was used to 
calculate the amount of phosphate liberated from glucose-1-phosphate during the period 
of incubation. No significant amounts of inorganic phosphate were formed under the same 
conditions when the addition of glycogen to the reaction mixture was omitted. Therefore it 
was concluded that the production of inorganic phosphate was brought about by the action 
of phosphorylase. This interpretation was confirmed by the determination of the increase 
in glycogen produced during incubation; it was found that the increase in glycogen was 
equimolar, in terms of glucose units, to the amount of inorganic phosphate liberated, accord- 
ing to the reaction, catalysed by phosphorylase: 
glucose-1-phosphate +n G — (n+2x)G +2 inorganic phosphate, 

where @ represents.glucose units of glycogen. 
Under the assay conditions described above, enzymic activity was sediuatlanisl to the 
concentration of the homogenate anu io the time of incubation over a period of 15 min. 
Phosphorylase activity was expressed in micromoles of inorganic phosphate liberated per 
minute by one gram of smooth muscle (wet weight). 
In contrast to the phosphorylase of liver and of skeletal muscle the optimal priming 
concentration of glycogen for taenia coli phosphorylase was found to be extremely low. 
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Therefore it would appear that phosphorylase of smooth muscle might not be identical 
with the enzymes which catalyse the same reaction in skeletal muscle and liver. 

Glycogen and glucose-1-phosphate were purified according to the procedure of Sutherland 
& Wosilait (1956). The stock solution of glucose-1-phosphate was prepared by adjusting the 
pH to 6-7 with HCl (2n). Glass-distilled water was used throughout. 

While no attempt was made to determine the minimal concentrations of giubose- 1-phos- 
phate and of glycogen required for maximal phosphorylase activity, it was found that a 
molarity of 0-035 for glucose-1-phosphate, a concentration of 0-05 % for glycogen and a 
pH of 6-7 were optimal for enzymic activity. The composition of the reaction mixture used 
for the assay of phosphorylase activity of taenia coli was based on these observations, in 
order to ensure that enzymic activity was measured under optimal conditions. It should 
be noted that adenosine-5-monophosphate (AMP) in molar concentrations varying between 
1 x 10-* and 1 x 10-? did not stimulate phosphorylase activity of taenia coli. Similarly, no 
activation was observed on addition of sulphydryl compounds (e.g. cysteine, glutathione). 

In some experiments the glycogen concentrations of pieces of taenia coli (15-25 mg) were 
determined according to the method of Hassid & Abraham (1957). The precipitated glycogen 
was dissolved in 0-5 ml. of water, and the colorimetric determination was carried out on 
a mixture of a portion of 0-4 ml. and of 0-8 ml. of the anthrone reagent. The optical density 
was determined in the EEL colorimeter (filter number ORI). 


RESULTS 
The effect of adrenaline in normal solution 

Adrenaline in concentrations of 1-2 x 10-? was found to increase phos- 
phorylase activity in all experiments. The maximum effect was usually 
seen within 2 min. In the parallel strip, from which electrical records were 
obtained, adrenaline caused usually hyperpolarization (17 out of 20 
observations), and this occurred, without exception, at the time at which 
the increase of phosphorylase activity in the parallel strip of tissue was 
observed. 

Figure 1 shows a typical experiment. While adrenaline abolished the 
spontaneous spike activity, and caused an increase of the membrane 
potential of almost 20 mV, the phosphorylase activity, measured at the 
same time in another piece of taenia, increased rapidly to 126%. It then 
declined again, as measured subsequently in further pieces, returning to 
the original value after 18 min exposure to adrenaline. The hyperpolariza-_ 
tion persisted in this experiment for 10 min, but then the membrane 
potential also returned to the initial level, although adrenaline was still 
present.-When it was washed out the membrane depolarized, and there 
followed a period during which spikes were discharged at a very high 
frequency; at this time phosphorylase activity in the parallel piece was 
low. After 15 min the initial conditions were restored. In normal con- 
ditions the phosphorylase activity of different. pieces of taenia removed 
from the organ bath after various periods up to 2 hr did not differ by 
more than + 5%. 

Table 1 gives 20 observations made in 13 different experiments of phos- 
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phorylase activity before and after the administration of adrenaline. They 
are arranged according to the time which elapsed between the setting up 
of the preparation and the determination of phosphorylase. It will be 
seen that, on the average, the phosphorylase activity was somewhat 
higher during the first hour than during the second and third hour. 
Accordingly, the percentage increase produced by adrenaline was less at 
first than later in the experiment. However, the mean values reached at 
any time in the presence of adrenaline did not differ by more than 2% 
between the two groups. 


Phosphorylase activity change (%) 


Fig. 1. The effect of adrenaline 2 x 10~-* on (a) phosphorylase activity and on (b) the 


electrical activity, membrane potential and tension. The records were taken at 
the same time as the phosphorylase activity was measured. 


TaBLeE 1. Phosphorylase activity during the first, second and third hour after 
setting up the preparation, before and after adrenaline (Ad) 


First hour. Second and third hours. 
Phosphorylase activity Phosphorylase activity 
(umoleP/g) (umoleP/g) 

Control After Ad % Control AfterAd - % 
4-30 5-32 126 5-07 8-42 166 
5:18 5-10 98 4-83 6-29 130 
4-58 5-73 125 4-40 5-20 118 
4:70 4-58 98 5-10 6-04 119 
5-93 7-48 126 3-96 6-30 159 
5-25 6:45 123 3°32 4-66 140 
4-62 5-64 122 4-42 6-26 142 
5:23 7:12 137 4-02 6-30 157 
4-45 6-27 141 4-55 5-48 120 
4-23 5-96 141) 4-98 5-80 139 

Mean 4-85 5-98 120 4-56 6-08 140 
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In two experiments in which adrenaline was applied repeatedly the 
control phosphorylase values declined in the course of the experiment 
(2} hr) to 85 % of the first determination. In the beginning of these experi- 
ments the exceptional observations occurred, when adrenaline, although 
stopping the spike activity, caused depolarization. At the same time it 
wa’ found to have no effect on phosphorylase activity in the parallel pieces 
(98% of the controls). Later, in the course of the same experiments, when 
control values were lower, adrenaline increased the phosphorylase activity 
as it did in all other experiments. 


o 


= 
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Phosphorylase activity change (%) 


t 
Adrenaline 10°” Ww 


Fig. 2. The percentage change in phosphorylase activity during the exposure to 
adrenaline (1 and 2 x 10-’) and after its removal (W). 


The time course of the change in phosphorylase activity produced during 
an exposure to adrenaline, which lasted up to 20 min, was, followed in 
several experiments. Figure 2 shows a diagram in which all the determina- 
_ tions made in the presence, and also after the removal, of adrenaline (1 or 
2 x 10-”) are presented as percentage of the first control in each experiment 
plotted against time. It is seen that during the exposure to adrenaline 
there was a steep initial rise in phosphorylase activity and the large 
majority of the results showed an increase above the normal range of 
variation (+5); none were below. After the removal of adrenaline there 
were four observations below the normal range, four within, and three 
above. During this period the membrane was usually depolarized or under- 
went violent fluctuations. The observations were, however, too few to 
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allow a definite conclusion that there was a strict correlation as suggested 
by experiments like that shown in Fig. 1. 

When lower concentrations of adrenaline were given the peak increase 
in phosphorylase activity was reached later. Thus, with 1 or 2x10~’ 
adrenaline the peak occurred after 2 min, with 4 x 10-* it occurred after 
7 min and with 1 x 10-8 it occurred after 12 min. 


The effect of adrenaline in glucose-free solution 


The results obtained with adrenaline in normal solution were consistent 
with the view that adrenaline might produce its biophysical effects. in- 


directly, by increasing the rate of energy supply from glycogen break- » 


down. We therefore tried to wi sci the glycogen store by exposure to 
glucose free solution. 

The glycogen content of taenia coli varied greatly from one experiment 
to another, ranging from 0-044 to 0-128% wet weight with a mean of 
0-073 % + 0-004 (s.n. of mean; 20 observations). Control pieces taken 
from the same animal, however, did not differ by more than 10 %. 


TABLE 2. Glycogen content of taenia coli (% wet weight) 
Hours after exposure to 


glucose-free medium ... 0 1 2 4 
(30 min in 
normal medium) | 
Expt. 1 0-128 0-044 0-019 0-022 
2 0-080 0-048 0-025 0-022 
3 0-077 0-045 0-037 0-019 
4 0-068 0-043 0-025 0-021 


If pieces of taenia were exposed to dissecting Ringer’s solution (room 
temperature, not oxygenated) for 3 hr they lost 50% of their glycogen 
content. The glycogen loss during the average dissection period of about 
40 min was not determined, but after 30 min suspension in oxygenated 
Krebs’s solution at 37°C the normal glycogen content was present. It 
remained for 3 hr in normal conditions in two experiments, in another it 
fell to 70% of the initial value. 

Exposure to glucose-free solution led to a progressive reduction in 
_ glycogen content. The results of four experiments are shown in Table 2. 
Within 1 hr the glycogen content fell to 50%, within 24 hr to 30%, but 
after 4 hr it was still 25 % of the normal control. Thus, within the period of 
our experiments the removal of glucose from the medium severely 
diminished the glycogen store, but did not deplete it completely. 

The biophysical effects produced by the removal of glucose have been 
described in detail in the previous paper (Axelsson & Biilbring, 1961). We 
found no consistent effect on the membrane potential. In four out of 
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seven experiments the first change after the removal of glucose was an 
increase in membrane potential; this was followed by depolarization. In 
two experiments there was little change, in one experiment we observed 
a progressive depolarization. 

During the first stage of glucose depletion the phosphorylase activity 
remained either unchanged or was higher than the normal control. In this 
condition adrenaline had little effect or actually caused a decrease. Such 
a depression of phosphorylase activity by adrenaline was never seen in 
normal solution. The results of three experiments are shown in Table 3. 
During the second and third hour of exposure to glucose-free solution 
phosphorylase activity declined progressively and, when it had become 
very low, adrenaline caused a large increase bringing it back to the normal 


range. 


TABLE 3. Phosphorylase ‘activity (umoleP/g) in normal and in glucose-free 
solution before and after adrenaline 


Glucose-free solution 
A 


Normal solution 
A Time of 
After exposure After Change 
Expt. No. Control adrenaline © (min) Control adrenaline § (%) 
] 18 4-53 3-65 67 
45 4-70 5-08 108 
90 5-53 6-01 109 
| 115 3:28 5-73 175 
2 4-40 5-20 67 6-48 5-20 80 
3 5-25 6-45 180 3-42 5-18 152 


The biophysical effects produced by adrenaline in the absence of glucose 
from the medium were complex, and three aspects will have to be con- 
sidered, the membrane potential, the spike activity, and the tension. 

Prolonged exposure to glucose-free medium gradually abolished the 
hyperpolarizing action of adrenaline which, in the end, often caused 
depolarization instead. The gradual change is shown in Fig. 3. It may be 
noted that the depolarization after 4 hr exposure to glucose-free medium 
occurred from a very similar level of membrane potential (see reference 
line at beginning of each record) as the hyperpolarization produced by 
adrenaline after only 1 hr exposure. However, while the spikes were 
initially (a) abolished throughout the whole period of exposure to adrenal- 
ine, they returned in (b) and (c) while adrenaline was still present (not 
shown in the figure). | 

In the absence of glucose the change in the effect of adrenaline on. 
spontaneous spike activity was indeed more consistent than the change in 
the effect on the membrane potential. Figures 4, 5 and 6 are all taken 
from the same experiment in order to show the sequence of events. In 
normal solution (Fig. 4a) adrenaline caused the usual hyperpolarization - 
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and abolished the spikes, which remained absent throughout. After 
washing out (Fig. 4b) they returned at an increased rate and consequeatly 
the tension rose to a level higher than that seen initially. After 70 min 
exposure to glucose-free solution (Fig. 4c) the spikes remained absent for 
only 4 min; they can be seen to occur before adrenaline was washed out. 
The tension which had been low as a result of the removal of glucose was 
at first increased by the addition of adrenaline. When the spikes stopped 
(note the longer latency for the cessation to occur) the tension was of 


50 min in glucose-free solution 10 
ily 10 sec 

3} hr 

tAd 

4hr 

‘ 


Fig. 3. The gradual change of the effect of adrenaline 10~’ on the membrane poten- 
tial during prolonged exposure to glucose-free solution. (The records in this 
and subsequent figures are periodically interrupted to check possible drift.) 


(upper record) and on tension (lower record) in normal solution (a). After 10 min ex- 
posure, at W, the adrenaline was washed out (b). Adrenaline was given again 70 min 


(c and d), and 1 hr 50 min after removal of glucose (e and f ). For description see text. 


la b 

| tAd 30 sec tw | 
c d 

| TAd Ww | 

Fig. 4. The effect of adrenaline 10-7 on membrane potential and electrical activity 
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Ad F 


Fig. 5. Continuation of the same experiment as that shown in Fig. 4, (a) The effect 
of adrenaline in the absence of glucose for 2 hr 40 min; (b) after 15 min in normal 


solution, following 4 hr 30 min exposure to glucose-free solution. 


a b c | 
16 min 
e 
| 
| 


Fig. 6. Continuation of the same experiment as that of Figs. 4 and 5. The prepara- 
tion had been exposed to glucose-free solution for 4 hr 30 min. Readmitting — 


for | hr produced 


no recovery (a). The effect of adrenaline 10-’ is shown in b, c, d 


and e, and of its removal (W) in f. For description see text. 
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course abolished, but as soon as spikes returned the tension response was 
large. After washing out the adrenaline (Fig. 4d) there was the usual 
increased rate of spike discharge but in the absence of adrenaline the ten- 
sion declined and soon disappeared. After 1 hr 50 min exposure to glucose- 
free solution (Fig. 4¢) the spikes, discharged at a rapid rate, failed to 
produce tension. Adrenaline stopped the spikes only for 90 sec. Its first 
effect was to restore the tension response which remained strong through- 
out the exposure and disappeared one minute after the removal of 
adrenaline (Fig. 4f). 

When the preparation had been exposed to glucose-free solution for 2 hr 
40 min it was still spontaneously active but there was no tension response 
to the spikes (Fig. 5a). At this stage adrenaline caused a depolarization 
and increased the rate of spike discharge. After exposure to glucose-free 
solution for 44 hr the normal amount of glucose was added to the solution. 
This produced no recovery in a preparation in which all spontaneous 
activity had ceased. The addition of adrenaline 15 min later (Fig. 5b) 
caused a depolarization, and initiated spikes which produced, however, 
no tension. Continued exposure to normal solution failed to bring about 
a recovery (Fig. 6a). The membrane potential oscillated slightly, there 
was no tension. In the presence of adrenaline (given 45 min after the dose 
shown in Fig. 5b) a few spikes were observed (Fig. 66), producing a trace 
of tension, but they stopped immediately as the membrane hyperpolarized 
by 20 mV. When this hyperpolarization passed off, spikes were initiated. 
They produced a strong tension response and they continued (c, d, ¢) as 
long as adrenaline was present, for 26min. At this stage removal of 
adrenaline (jf). abolished the spikes, and consequently also the tension 
within 2 min. 

This experiment has been described in such detail because it not only 
showed the variety and complexity of the effects produced by adrenaline 
in glucose-free solution but also the gradual change from an inhibitory to 
a stimulant action. : 


Anaerobic conditions and the effect of insulin 

In an attempt to increase the rate and the extent of the glycogen deple- 
tion some preparations were exposed to glucose-free solution gassed with 
N, and CO,. However, we found that anaerobic conditions did not reduce 
the glycogen content below 20 % after 1 hr. Moreover, prolonged exposure 
to glucose-free solutiou i: anaerobic conditions appeared to produce 
irreversible changes, as the tissue only regained 50% of the original 
glycogen 2 hr after readmission of 0, and the normal concentration of 
glucose. Increasing the glucose concentration to 5 times normal and the 
addition of insulin 4 u./l. had no effect on glycogen restoration. On the 
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other hand, if the absence of glucose and oxygen did not exceed 20 min, 
the tissue regained up to 80% of its original glycogen content within 
60 min. In a single experiment a high glucose concentration of the medium 
eee by insulin increased glycogen resynthesis above the initial 
content. 


1 min 


o 


— 


mV 


a 


Fig. 7. The effect of adrenaline 10-7 on electrical activity (a) in normal solution ; 
(6) 21 min after removal of glucose and oxygen; (c) 45 min after readmission of 
oxygen, glucose concentration 5 times normal+insulin 4u./l.; (d) 15 min 
after (c). 


The biophysical action of adrenaline was changed by the removal of 
glucose in the same way in aerobic and anaerobic conditions, i.e. the in- 
hibitory effect was gradually abolished. In the experiment shown in 
Fig. 7 adrenaline caused the usual inhibition (a) in normal solution. After 
20 min depletion (b) the inhibition was less. Oxygen was readmitted. 
Glucose in 5 times the normal concentration and insulin 4 u./l. were given 
at the same time. The membrane became hyperpolarized and all activity’ 
stopped (c). Adrenaline now led to a reappearance of spikes at a high 
frequency. After recovery had proceeded for 1 hr in the presence of high 
glucose and insulin, the usual inhibitory effect of adrenaline was slowly 
restored. 


The effect of temperature 


We also attempted to reduce the metabolic effect of adrenaline by 
reducing the temperature. When we measured the effect of temperature on 


_ phosphorylase activity, we found that at 20° C it was still 50% of that at 
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34° C, and by plotting the results shown in Table 4 it could be determined 
that phosphorylase activity would stop at only about 4° C. 

One preparation was cooled from 37 to 5° C. At 15° C all spontaneous 
activity had stopped and there was a slight depolarization. At 5° C 
adrenaline was given, but it had no effect whatsoever on the membrane 


TasxzE 4. The effect of temperature on phosphorylase activity. 
Activity at 34°C = 100 


Temperature Percentage 
during assay activity 


(° C) 
5 8-5 
10 16 
15 29 
17 43 
19 51 
21 56 
23 63 
26°C 
Ph 2:32 Ph 5°41 
a > 
36° C 
Ph 8-30 Ph 5:34 
tad 


Fig. 8. The effect of adrenaline on phosphorylase activity (Ph) and on the mem- 

brane potential, (a) at 26° C; and (6) at 36° C, when the initial membrane potential 
was 30 mV higher than that in (a). Time marker 10 sec. For further description 
see text. 


potential. Another preparation was only cooled to 30° C. At this tempera- 
ture adrenaline caused slow oscillations of the membrane potential, 6 mV 
in amplitude at a frequency of 2—3/min. 

A third preparation was set up at 26°C and kept at this temperature 
without an initial period at 37°C. It showed no spike activity. When 
adrenaline was given at this temperature it caused a large hyperpolariza- 
tion, as is shown in Fig. 8a. At the same time it increased phosphorylase 
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activity from 2-32 to 5-41 wmoleP/g. Having been at 26° C for 2 hr, the 
preparation was warmed to 36°C. There was a 30 mV increase in the 
membrane potential, and after 14 min spikes appeared. Phosphorylase 
activity rose to 8-30 wmoleP/g (Fig. 8b). Adrenaline now caused de- 
polarization though it. stopped the spike activity. At the same time it 
reduced phosphorylase activity to 5-34 »moleP/g. 


Metabolic inhibitors 

A few experiments were carried out to investigate the effect of metabolic 
inhibitors on the action of adrenaline. We used low concentrations to allow 
the effect of adrenaline on electrical activity to be observed. We found that 
in the presence of azide the hyperpolarizing action of adrenaline was 
reduced, but it continued to stop spontaneous spike discharge. When azide 


had acted for longer periods and had abolished spontaneous et 
adrenaline produced no effect. 


t Ad 


Fig. 9. The effect of adrenaline 5 x 10-7 on membrane potential, electrical activity 
and tension (a) in the presence of iodoacetate 10-* for 38 min, (b) for 90 min. 
The second record in each row was taken 2 min, the third 5 min, after giving. 
adrenaline (see text). Time marker 10 sec. 


On the other hand, iodoacetic acid (IAA) 10~ reduced not only the 
hyperpolarizing action of adrenaline but also its action on spontaneous 
spike activity and on the response to electrical stimulation. When IAA 
had abolished all spontaneous activity the effect of adrenaline was 
reversed. It now caused ew and initiated spikes (see sing 9). 
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Replacement of sodiwm 

The experiments so far were consistent with the view that the activation 
of phosphorylase by adrenaline might increase the rate of energy supply for 
processes stabilizing the membrane, e.g. some of the energy might be 
utilized for the active extrusion of sodium. We therefore studied in three 
experiments the action of adrenaline in the absence of sodium from the 
medium. NaCl was replaced by LiCl and NaHCO, by KHCO, and a corres- 
ponding amount of KCl was withdrawn. Theeffects produced by substituting 


NaCl 


min 
Fig. 10. The effect of adrenaline 5 x 10-’ on a preparation driven electrically (a) in 
normal solution; (b) 17 min after replacing NaCl by LiCl; (c) 85 min after re- 
placing LiCl by NaCl. 

Na with Li have been described elsewhere (Axelsson & Biilbring, 1959; 

- Axelsson, 1960). Its main effect is to cause a decline of the tension response 

though it does not impair spike activity for several hours. Figure 10 shows 

records from an experiment in which the preparation was electrically driven. 

In normal solution (a) adrenaline abolished the conducted response to elec- 


trical stimulation, the tension fell to zero and the membrane was hyper- 


polarized. Substitution of NaCl by LiCl abolished the action of adrenaline 
almost completely (b), and even after 85 min in normal solution the 
adrenaline effect showed only a partial recovery (c). 
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DISCUSSION 


The taenia coli of the guinea-pig, which was the intestinal smooth- 
muscle preparation used for the experiments, is a tissue possessing a high 
degree of spontaneous activity. Its membrane potential is very unstable 
and in normal conditions it probably never reaches a true resting value. 
Adrenaline relaxes this muscle because it stops the spontaneous spike 
discharge. It also causes an increase of the membrane potential, which 
may rise by as much as 20 mV. 

We found that adrenaline increased phosphorylase activity in the smooth 
muscle of the taenia coli. When the biochemical effect was measured in 
parallel strips from the same taenia as that in which the biophysical 
changes were recorded, the increase in phosphorylase activity was seen 
at the same time as that at which the hyperpolarization was observed. 

It may be assumed that the activation of phosphorylase in smooth 
muscle by adrenaline is brought about by a mechanism similar to that 
discovered by Sutherland & Rall (1958) in liver, i.e. by an increase in the 
formation of cyclic adenosine-3’,5’-phosphoric acid (3’,5’-AMP). This com- 
pound exerts a stimulating effect on the enzymic synthesis of active 
phosphorylase in liver (Rall, Sutherland & Berthet, 1957), as well as in 
skeletal and heart muscle (Rall & Sutherland, 1958; Krebs, Graves & 
Fisher, 1959). If the production of glucose-1-phosphate in taenia coli were 


: limiting the rate of carbohydrate metabolism, activation of phosphory- 


lase would increase the supply of metabolic energy. 

Previous observations, especially those reported in the preceding paper 
(Axelsson & Biilbring, 1961), indicate that the metabolic rate may be an 
important factor influencing membrane excitability and controlling mem- 
brane polarization in smooth muscle. Our present results suggest that the 
increased supply of energy in the presence of adrenaline is utilized by 
processes in the cell membrane requiring energy. 

Evidence for an accelerated rate of active Na extrusion in the presence 
of adrenaline has recently been obtained (KE. Biilbring & P. J. Goodford, 
unpublished observations), when it was found that the rate of loss of *Na 


from taenia coli was approximately doubled by adrenaline, while the rate 
of uptake was reduced. Furthermore, we observed that adrenaline failed 


to produce its usual stabilizing effect when the Na in the medium was 
replaced by Li, which, as was shown by Keynes & Swan (1959) for frog 
skeletal muscle, is extruded much more slowly than Na. 

An increased supply of energy by adrenaline activating phosphorylase 
should be prevented if the tissue was depleted of glycogen. It proved to be 
impossible to deplete the glycogen store completely. Even after 4 hr 
exposure to glucose-free solution there remained 20-25 % of the original 
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glycogen concentration in the muscle. This low level was reached in a 
shorter time, but it was not reduced further, in anaerobic conditions. It 
may be that the residual material is not identical with glycogen, but that 
it is another polysaccharide which cannot serve as a source of metabolic 
energy. If this were so, the failure of adrenaline to stabilize the membrane 
would be explained. In all experiments the action of adrenaline was pro- 
foundly altered, and in some reversed, when the preparation was exposed 
for many hours to glucose-free solution. 

We may assume that, as long as there is glycogen available which can 
be utilized, adrenaline will accelerate its break-down. However, the result- 
ing energy will be distributed between the contractile mechanism and the 
cell membrane. During the first stages of glucose depletion (see Fig. 4) 
adrenaline always produced hyperpolarization after a variable latency and 
to a variable degree. Its capacity to prevent spike discharge was dimi- 
nished, but the tension could still be restored. When the glycogen store 
was presumably very low, and as is apparent from the figures shown in 
Table 3, the resulting portion was less easily broken down, adrenaline had 
a depolarizing action accelerating spike discharge (see Fig. 5). The avail- 
able energy was first employed for the restoration of tension and only 
after a long latency it appeared to be available for the stabilization of the 
membrane. After still further depletion this metabolic action completely 
disappeared. 
The striking effect of adrenaline during the period of recovery, when 
the preparation depended on adrenaline for a normal rhythmic activity, 
raises the question whether it might also exert an action on glucose uptake 
and utilization. 

Of the metabolic inhibitors tested, iodoacetate appeared to be the 
most effective in abolishing the stabilizing effect of adrenaline on the 
cell membrane. Dinitrophenol (Burnstock, 1958) and azide only partially 
antagonized adrenaline. 

A reversal of the action of adrenaline was observed in several conditions. 
After prolonged exposure to glucose-free solution and also in the presence 
of IAA adrenaline caused depolarization and initiated spikes. This result 
could be interpreted as a stimulant action—presumably by some change in 
membrane permeability—which was unmasked when the metabolic action 
had been abolished. 

A few observations were recorded when adrenaline caused depolariza- 
tion, but nevertheless stopped all spike activity. They occurred twice at 
an early stage in normal solution, twice at an early stage of exposure to 
glucose-free solution, and finally twice when, after exposure to low tempera- 
ture, the preparation was warmed to 37° C. We have evidence that in these 
various conditions phosphorylase activity may be relatively high. In 
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those experiments in which we measured the effect of adrenaline on phos- 
phorylase activity in parallel with observing its depolarizing action we 
found that adrenaline produced either no change or diminished phosphory- 
lase activity. These results cannot as yet be explained and further experi- 
ments are required. 

The remarkable coincidence eben the hyperpolarization and the © 
activation of phosphorylase in normal conditions supports the assumption 
of a causal relation. On the other hand, in some tissues 3’,5’-AMP and 
adrenaline increase the rates of other reactions concerned with the utiliza- 
tion of carbohydrate and of lipids (Cahill, Leboeuf & Flinn, 1960; Mansour & 
Menard, 1960; Rizak, 1960; Vaughan, 1960); therefore, biochemical 
mechanisms other than activation of phosphorylase may be associated 
with the hyperpolarizing action of adrenaline on taenia coli. Finally, the 
possibility cannot be excluded that 3’,5’-AMP may induce hyperpolariza- 
tion by a direct effect on the membrane. 


SUMMARY 


1. Isolated guinea-pig taenia coli was used for recording isis 
changes from one strip and measuring phosphorylase activity in other 
strips subjected to the same experimental conditions. 

2. In normal solution adrenaline stopped spontaneous spike activity, 
abolished the conducted response to electrical stimulation and caused 
hyperpolarization. At the same time adrenaline increased phosphorylase 
activity. 

_ 3. In glucose-free solution, as the preparation was dually depleted of 
glycogen the stabilizing effect of adrenaline on the cell membrane and 
the hyperpolarization became gradually less, until, after prolonged ex- 
posure to glucose-free medium, the effect of adrenaline was reversed. It 
caused depolarization and initiated spikes. 

4. Asimilar stimulant action was observed in the presence of iodoacetic 
acid which abolished the inhibitory action of adrenaline. 

5. Cooling to 5° C abolished the hyperpolarizing action of adrenaline. 
When the preparation was warmed again to 37°C and phosphorylase 
activity was relatively high, adrenaline diminished it and caused de- _ 
polarization. 

6. The stabilizing effect on the cell membrane normally produced by 
adrenaline was not seen when sodium in the solution was substituted by 
lithium. 

7. The results are consistent with the view that adrenaline has a dual 
action. It appears to have a direct depolarizing effect on the membrane 
which, however, is normally masked by its more powerful inhibitory action. 
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The experiments suggest that adrenaline exerts its inhibitory effect by 
increasing the rate of energy for active stabilizing processes at the cell 
membrane. 
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CHLORIDE IONS AND THE MEMBRANE POTENTIAL 
OF PURKINJE FIBRES 


By E. E. CARMELIET* 
From the Department of Physiology, University of Berne, Switzerland 


(Received 12 December 1960) 


According to the ionic theory of electrical activity the membrane poten- 
tial depends on the unequal distribution of ions between the intra- 
and extracellular phases, and on the relative permeability of the membrane 
towards them. For cardiac muscle the role played by sodium and potas- 
sium has been studied to some extent (see Hoffman & Cranefield, 1960) but 
that of chloride has received little attention. The present paper deals with 
the effects produced by the substitution for chloride ions of nitrate ions or 
large anions such as acetylglycinate and pyroglutamate. The results sug- 
gest that the contribution of chloride ions to the total membrane conduc- 
tance is low in a resting fibre but increases when a fibre is depolarized. 
The findings and interpretations are in good agreement with those 
recently published by Hutter & Noble (1959). The main results of the 
present investigation have been reported in a preliminary communication 


(Carmeliet, 1959). | 
| METHODS 


Sheep hearts were obtained at the slaughterhouse and carried to the laboratory in cool 
Tyrode solution. ‘False tendons’ were removed from the left ventricle and kept in Tyrode 
solution at 37° C. 

Membrane potentials were measured by two Ling-Gerard micro-electrodes (1949), one 
inside, the other outside the fibre. The electrodes were filled with 3m-KCl and had a resis- 
tance between 10 and 20 MQ. They were connected to the cathode-follower input of a 
differential amplifier by chlorided silver wires. 

In a series of experiments the relative membrane resistance was measured by passing 
current through a second micro-electrode within the same fibre. Square current pulses of 
about 100 msec duration were used which hyperpolarized the membrane, at a frequency of 
4/sec. The distance separating the intracellular electrodes was small (50-100 ») compared 
to the space constant of a Purkinje fibre (2 mm; Weidmann, 1952). The amplitude of the 
recorded potential changes could thus be squared to obtain relative values for the membrane 
resistance (Hodgkin & Huxley, 1947). 

In order to make measurements of membrane resistance at different membrane poten- 
tials the fibre was depolarized or hyperpolarized by means of a pair of external electrodes, 
as shown in Fig. 1. The bundle was pushed into a close-fitting hole in a Perspex block and 
solution was allowed to siphon along this part of the preparation. The two micro-electrodes 
were inserted at a distance of 1mm from the hole. To insure that the recording micro- 
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electrode was measuring the true membrane potential change, the reference electrode was 
so placed that with the recording micro-electrode just outside the fibre there was no potential 
change when current was switched on. 

The composition of the normal Tyrode was as follows (mM): Na 149-9; K 2-7; Ca 1-8; 
Mg 0-5; Cl 145; HCO, 11-9; H,PO, 0-32; glucose 1 g/l. The solution, when aerated by 95 % 
O, and 5% CO,, had a pH of 7-4. To study the influence of anions, NaCl was replaced by 
Na-acetylglycinate (Light) or Na-pyroglutamate (Light), or NaNO,. The K* concentration 
was reduced by omission of KCl, and increased up to 50 mm by replacement of an equiva- 
lent amount of the NaCl. In sodium-free solutions, NaCl was replaced by choline chloride 
(Hoffmann-La Roche) on a mole-for-mole basis, and atropine sulphate was added (10 mg/I.). 
Choline acetylglycinate was used as a substitute for NaCl, in an attempt to combine a slowly 
penetrating cation with a slowly penetrating anion. This was prepared by neutralizing 
acetylglycine with choline hydroxide (Schuchardt). Choline nitrate was prepared from 
choline chloride, by adding AgNO, in an amount slightly less than equivalent, and filtering. 


To amplifier. . 


Fig. 1. Diagram of arrangement to measure the relative membrane resistance at — 
different membrane potentials. Two intracellular micro-electrodes, one to record 
the membrane potential, the other to pass square wave current pulses of about 
100 msec duration. The bundle was pushed into a close-fitting hole in a Perspex 
block, which served as an external polarizing electrode. 


RESULTS « 
Effects of replacing chloride ions by other anions 

_ The substitution of NaCl by Na-pyroglutamate or Na-acetylglycinate 
had the following effects (Figs. 2 and 3): (a) the frequency of spontane- 
ously beating preparations went up temporarily, owing to a higher rate 
of the diastolic depolarization ; (6) spontaneous activity often started with 
preparations that had previously been quiescent; (c) the plateau of the 
action potential was markedly prolonged; its slope was decreased, some- 
times resulting in a standstill on the plateau level (—50 mV); (d) the 
plateau was also elevated, and this was most pronounced if the preparation 
was artificially stimulated at a high rate. 

The substitution of chloride ions by nitrate ions produced the opposite 
effects: (a) the frequency of spontaneous activity was reduced, owing to a 
lower rate of the diastolic depolarization; (b) at the end of 5-10 min 
spontaneous activity ceased, and the fibre depolarized by about 10 mV, 
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to reach a stable membrane potential near — 80 mV; (c) the plateau of the 
action potential was shortened, and (d) was brought closer to the resting 
potential (see Fig. 3). On returning from nitrate to chloride solution the 
action potentials initially lengthened beyond their previous duration to 
return to ‘normal’ with a half time of about 5 min. 


Chloride Acetylglycinate 


-90 mV & 


5 sec 


Fig. 2. Spontaneous action potentials in chloride-Tyrode (left) and in acetyl- 
glycinate-Tyrode (right). The rate of diastolic depolarization increased in the 
acetyl-glycinate solution. 


50 of 


Fig. 3. Action potentials in chloride-Tyrode are compared with action potentials 
in acetylglycinate and nitrate solutions. The spike has been retouched. 


Chloride Acetylglycinate Chloride Nitrate 


500 msec 


In contrast to the considerable influence of anions on the shape of the 
action potential, substitution of chloride by large anions had no effect on 
the value of the maximum diastolic potential. To eliminate complications 
due to spontaneous activity chloride substitution was also studied in the 
absence of Na ions. Replacement of choline chloride by choline acetyl- _ 
glycinate did not change the value of the resting potential. This remained 
true also if the potassium concentration was increased from normal 
(2:7 mm) to 5-4, 13-5 or 50 mM. 

Yor the sake of simplicity in the presentation of further results it may 
now be helpful to put forward a possible explanation. It is assumed (i) that 
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the membrane is permeable to anions, the permeability decreasing accord- 
ing to the series NO, > Cl > acetylglycinate; (ii) that the permeability 
to other ions is relatively large at the resting potential, but becomes 
comparable to that of chloride ions when the membrane is depolarized ; 
and (iii) that chloride ions are passively distributed between the intra- 
and extracellular phases. 

With this hypothesis in mind the observed effects may be explained in 
the following way. When the membrane is depolarized there is an inward 
current of chloride ions. This will tend to make the outside of the mem- 
brane more positive, and thus assists repolarization. With nitrate replacing 
chloride, this current will be increased, resulting in a shorter action poten- 
tial and in a lower rate of diastolic depolarization. In the acetylglycinate 
solution the opposite effect will occur. 


Chloride substitution in a potassium-free medium 

In order to test the assumption that chloride ions play an important 
part in carrying electric charge when the membrane becomes depolarized, 
the effect of chloride substitution was studied in a potassium-free medium. 
While myocardial fibres hyperpolarize or do not change their membrane 
_ potential if potassium ions are omitted from the bathing solution, Purkinje 
fibres show a strong depolarization to a level near —50 mV (Weidmann, 
1956). Flux measurements with “K indicate a decrease of potassium 
permeability (Carmeliet, 1960); Na ions are necessary to obtain the 
depolarization. So we have to deal with a situation in which potassium 
permeability is decreased, whilst the sodium permeability is appreciable. 
The potential in a K-free solution may be stable at — 40 mV or may oscil- 
late between — 50 and 0 mV. 

When chloride ions were replaced by acetylglycinate there was a further 
tendency for the membrane to depolarize: the oscillations became larger 
and more frequent; they would continue or disappear after some time. 
The resemblance to the influence of chloride substitution on the diastolic 
depolarization was obvious. On returning to the chloride-Tyrode solution 
without potassium, the oscillations disappeared and ‘the membrane 
potential returned slowly towards —50mV. Then suddenly, within a 
fraction of a second, the potential returned to —90 mV (Fig. 4). This full 
repolarization was followed by a train of spontaneous action potentials of 
normal configuration, but with increasing duration, until the membrane 
failed to repolarize and the potential became stable again at the —50 mV 
plateau level. 

These results may be explained on the three assumptions stated above. 
Thus, when the fibre is depolarized in a K-free solution, the chloride ions 
redistribute according to the new potential. If chloride ions are now 


4 

é 
{ 
{ 
4 
} 


HEART MUSCLE AND CHLORIDE 379 


replaced by acetylglycinate ions the outflow of chloride ions outweighs the 
inflow of the larger anions. The net outflow of negative charge explains 
the larger and more frequent oscillations. Readmitting the chloride ions 
results in an inward flow of negative charge, thus the tendency to repolarize. 
However, the potential returns to the plateau lével (— 50 mV) as soon as 
the internal chloride concentration has risen sufficiently to slow down the 
net entry of chloride ions. It is noteworthy that readmission of chloride 


Acetylglycinate, K-free chloride, K-free 


5 sec 
Fig. 4. Effect of replacing acetylglycinate by chloride ions in a potassium-free 
medium. The membrane was first depolarized in a potassium-free acetylglycinate 


medium to —32mV. Readmitting chloride ions brought about a transitory re- 
polarization to —90 mV. 


ions has a larger effect than chloride deprivation. This may be explained 
by the difference in the relative change of the chloride concentration 
gradient and by regenerative phenomena: during the flow of hyper- 
polarizing current a decrease in sodium permeability could be coupled 
with an increase in potassium permeability, both favouring repolarization. 

While nitrate ions hardly increased the resting potential when the . 
normal potassium concentration was used, they caused a hyperpolarization 
~ of more than 20 mV if the membrane was first depolarized by potassium 
lack. Reverting to the normal chloride concentration resulted in a marked 
depolarization. This again can be explained by a larger permeability to 
nitrate than to chloride ions. 
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Chloride substitution in a potassium- and sodium-free solution 

H. H. Hecht & S. Weidmann had found (unpublished observations) 
that Purkinje fibres in a sodium- and potassium-free solution could show 
two different stable potentials, —90 and —50 mV. When potassium was 
omitted first there was a depolarization to — 50 mV, and the reduction of 
sodium ions did not change the potential further. When sodium was 
omitted first, the potential stayed near —90 mV, and a decrease in the 
potassium concentration had no effect (Fig. 5). 

The following experiments were undertaken to find out whether the 
influence of the sequence of potassium and sodium deprivation on the 
final result depended on the stabilizing effect of the chloride ions. In a 
_ first series of experiments the ‘chloride battery’ was rendered less impor- 
tant by working in a Cl-free (acetylglycinate) medium. Removal of the 
potassium ions led to depolarization, as usual. When sodium ions were 
now omitted and, simultaneously, the chloride concentration was restored 
to normal, the potential returned to — 90 mV (Fig. 6). Ifthe chloride ions 
had been readmitted in the presence of sodium ions the repolarization would 
have been transitory (see preceding section). In the absence of inward 
current due to the sodium ions, however, the potential became stable at 
the high value. 

In a second series of experiments chloride ions were replaced by nitrate 
ions. The sequence is illustrated in Fig. 6. A Purkinje fibre was first 
depolarized in a potassium-free solution. Replacing the NaCl by choline 
nitrate caused a marked and stable repolarization. 

The main result of these experiments is: reduction of sodium ions 
alone does not change the potential of the fibre depolarized by potassium 
lack to any large extent. If, however, at the same time there exists a 
disequilibrium for the anion distribution, the membrane can be fully re- 
polarized. The permeability to anions in the depolarized state seems to 
be relatively important. : 


Polarizing current in a potassiwm- and sodium-free solution 

If the chloride ions really distribute themselves passively it ought to 
be possible to change the intracellular concentration by altering the 
membrane potential for some time. After the: break of current applied 
from an external source, the membrane potential should have a tendency, 
thanks to the redistribution of the chloride ions, to stay near the value that 
has been imposed. 

The membrane potential was changed by means of current flowing 
through an intracellular electrode; the potential change was recorded by 
_ @ second intracellular electrode. In order to obtain a fairly uniform 
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Normal Tyrode K-free K-free, then Na-free 


Normal Tyrode Na-free Na-free, then K-free 


Fig. 5. Tracings of the transmembrane potential of a sheep Purkinje fibre: the se- 
quence of potassium and sodium depletion determined the potential finally obtained. 


Normal Tyrode Acetylglycinate K-free K-free 
| acetylglycinate chloride 
Na-free 


Normal Tyrode K-free K-free, then Na-free 
‘chloride nitrate 


Fig. 6. Tracings of the membrane potentials of a sheep Purkinje fibre: influence of 
the disequilibrium for anions in a potassium- and sodium-free medium. For ex- 
planation see text. 
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change over the whole surface of the membrane it was necessary to use 
short pieces (order of one space constant, = 2mm). If any biological 
cable is cut transversely, there is a depolarization, which is most pronounced 
at the cut surface but spreads along the membrane for some distance due to 
the fact that the extracellular fluid and the ‘core’ represent a low resistance 
to the flow of short-circuit currents. In an empirical way it was found that 
short pieces with ‘seals’ at both ends could best be obtained if the second 
cut was made in a sodium-free and potassium-rich (13-5 mm) medium. In 
practice it was possible to obtain pieces of Purkinje fibres 3 mm in length 
which, when transferred to Tyrode solution and stimulated, showed normal 
action potentials. 


Hyperpolarizing current 
2 sec 1 min 1+1 min 
0 
40 
—90 


Depolarizing current 


1+2 min 


5 sec 
Fig. 7. Effect of polarizing current in a potassium- and sodium-free solution. Above 
(from left to right): the two possible membrane potentials in a potassium- and 
sodium-free medium (—40 and —90 mV); effect on the membrane potential of a 
repolarizing current of 2sec, 1 min and 1+1 min duration. Below: effect of a 
depolarizing current of 1 min, and 1+2 min duration. Arrows indicate break of 
current, 


A typical experiment will be described. Two micro-electrodes were 
inserted, one to record, the other to polarize. First the potassium was 
reduced, afterwards the sodium. The result was a depolarization to 
—40 mV. Figure 7 illustrates the effects of then applying hyperpolarizing 
currents for different periods. At the break of a hyperpolarizing current 


lasting for 2sec the potential returned quickly to the—40mV level. — 


After passing a hyperpolarizing current for 1 min, however, the potential 


dit 
q 
ca 
ot 
3 
| Wi 
m 
| to 
is 
1 min 
of 
— 40mV 
b 
in 
th 
pe 
tir 
| sil 
ac 
CO 
| m 
re 
| sh 
fo 


HEART MUSCLE AND CHLORIDE 383 


did not return to the initial level but stayed at an intermediate value. 
A hyperpolarizing current reapplied for a further minute resulted in a full 
and stable repolarization to —90mV. Soon afterwards current was 
passed in the opposite direction. A depolarizing current lasting for 1 min 
caused only a slight reduction in potential below —90 mV. Having passed 
current for another 2 min the potential stayed at the —50 mV level. 

It is thus possible to move the potential from one stable level to the 
other, by imposing on the membrane that new potential value for a few 
minutes. The current must be carried by ions that are present within the 
intra- and extracellular phases. An inward current must be carried by 
positive ions moving inwards or by negative ions moving outwards. There 
was no sodium or potassium in the extracellular solution. The only ions 
moving inwards could be choline, magnesium or calcium, but it is hard 
to see how an inward flux of these ions could stabilize the potential at the 
—90 mV level. However, it seems reasonable to suggest that the current 
is carried by Cl ions moving outwards. With a decrease of the internal 
chloride concentration the chloride equilibrium potential would tend to 
approach the —90 mV level. | 


The effect of anions on the membrane resistance - 


A change in the electrical membrane resistance when an ion concentration 
is altered may indicate the importance of that particular ion as a carrier 
of membrane current. It had been reported in an abstract by Weidmann 
(1955) that the electrical membrane resistance of Purkinje fibres, measured 
2 sec after the make of a polarizing current, was a function of the mem- 
brane potential. To simplify the system, sodium-free solutions were used 
in the present study. As can be seen in Figs. 8 and 9 the resistance was 
maximal between —20 and —40 mV. For reversed membrane potentials 
the resistance decreased to about quarter of its maximum value near 
+40 mV. The resistance at —90 mV depended strongly on the external 
potassium concentration and could be smaller (high potassium concentra- 
tion) or larger (low potassium concentration) than the value at + 40 mV. 

The effect of the chloride concentration was studied at different potas- 
sium concentrations (0, 2:7, 5:4 and 50mm). Chloride was replaced by 
acetylglycinate or nitrate. The results were dependent on the potassium 
concentration. At potassium concentrations of 0, 2-7 and 5-4 ma, replace- 
ment of chloride by acetylglycinate resulted in an increase of the membrane 
resistance if the membrane was depolarized beyond —50 mV. Figure 8 
shows an example at 0 mm potassium. The increase was to about twice 
for potentials between 0 and +50 mV. At potentials between — 50 and 

~100 mV it was hard to see any difference. In some experiments there 


was a slight increase of resistance in the acetylglycinate solution, but it 
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Fig. 8. Relative membrane resistance as a function of 


the membrane potential. 


@, chloride medium; O, acetylglycinate medium. The vertical interrupted line in- 
dicates the membrane potential without polarizing current; the extracellular potas- 
sium concentration was 0mm. For large depolarizations (— 20 to + 60mV inside 
potential), the membrane resistance in the acetylglycinate medium was higher than 


in the chloride medium. 
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Relative membrane resistance (E*) 


Inside positive mV 


Inside negative 


Fig. 9. Relative membrane resistance as a function of the membrane potential. 
@, chloride medium; A, nitrate medium. The vertical interrupted line indicates the 


membrane potential without polarizing current; the 


extracellular potassium 


concentration was 54mm. Between ~40 and +60mV the resistance was 
decreased in the nitrate-Tyrode. Note that the resistance at —90 mV was lower 


than at +40 mV, while the reverse was true in Fig. 8. This is due to the difference in 
potassium concentration. 
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was impossible to be sure that these differences were not due to regenera- 
tive phenomena or to small differences in the estimated membrane 
potential. 

The reverse result was observed in the nitrate solution (Fig. 9, potas- 
sium concentration 54mm). The membrane resistance was roughly 
halved between —20 and +50mV, but was unchanged between —50 
and — 100 mV. 
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Fig. 10. Relative membrane resistance as a function of the membrane potential. 
@, chloride medium; O, acetylglycinate medium. Vertical interrupted line, mem- 
brane potential without polarizing current. Potassium concentration was 50 mm. 
There was no difference between the two curves. 


At a potassium concentration of 50 mm there was no difference at any 
membrane potential between the chloride and the acetylglycinate solution 
(Fig. 10). It might be stressed that the anomalous rectification found in 
the normal Tyrode solution was also present in high potassium concentra- 
tions, and was even more pronounced. 

The conditions under which chloride ions become important as carriers 
for current are thus: (a) depolarization, (b) a low external potassium 


. concentration. 


DISCUSSION 


From the point of view of describing electrical events during the 
cardiac cycle, the conclusion of the present experiments is thus: in resting 
fibres, chloride ions play but:a minor role; however, when the fibres are 
depolarized, as during activity, chloride ions become important as carriers 
of electrical charge. This seems to be due to a decrease in K conductance 
of the surface membrane upon depolarization rather than to an increase 
in Cl conductance. rae 

The question as to whether or not chloride ions are distributed as 
‘passive’ ions between the intra- and the extracellular phases cannot be 
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answered in a final way. The intracellular Cl concentration corresponding 
to a resting potential of —90 mV and an extracellular Cl concentration 
_ of 145 mm would be 5mm. Analytical data for intracellular chloride are 
difficult to obtain since the methods depend on a correct estimation of the 
extracellular space. It is felt that the analytical figures so far published 
cannot be used as evidence either for or against the idea of a passive 
distribution (Robertson & Peyser, 1956; Lamb, 1960). It was reported in 
the present paper that the membrane potential can be permanently dis- 
placed (p. 380) by imposing a new potential on the membrane for a few 
minutes. This result can easily be explained by assuming a passive 
redistribution of chloride, but does not provide final evidence. ' 

Tracer data indicate that chloride exchange in rabbit heart is relatively 
quick (order of a few minutes, Manery & Haege, 1941; Sekul & Holland, 
1959). The question thus arises why in a resting fibre chloride was found to 
contribute so little to the membrane conductance. The apparent difficulty 
finds an explanation if the assumption may be made that the intracellular 
chloride concentration is low (near 5 mmo). Thus a relatively high rate con- 


stant would be compatible with a small contribution of chloride ions as 


carriers of electrical charge. 

Finally, it seems worth while to compare some membrane properties 
of skeletal and cardiac muscle. In both tissues inward movement of 
chloride ions during the action potential has been shown to contribute to 
repolarization (Etzensperger & Bretonneau, 1956; Falk & Landa, 1960; 
Hutter & Noble, 1960). On the other hand a number of differences exist : 
(a) for a resting membrane the chloride conductance is relatively small 
in cardiac tissue and large in skeletal muscle (Giebisch, Kraupp, Pillat 
& Stormann, 1957; Hodgkin & Horowicz, 1959; Hutter & Padsha, 1959); 
(b) this difference is still present when the extracellular potassium con- 
centration is increased (Hodgkin & Horowicz, 1959; Adrian, 1960); 
(c) nitrate ions penetrate more slowly than chloride ions in skeletal muscle 
(Hutter & Padsha, 1959), while this order is reversed in cardiac muscle. 


‘SUMMARY 
1. Na acetylglycinate, Na pyroglutamate and NaNO, were used as 


substitutes for NaCl in order to study the influence of anions on the — 


membrane potential and membrane resistance of Purkinje fibres of sheep 
hearts. | 

2. The anions had no influence on the maximum diastolic potential, in 
normal T'yrode solution (2-7 mm-K) and on the resting potential at higher 
potassium concentrations (5-4, 13-5, and 50 mm). 

‘3. The rate of diastolic depolarization was increased in acetylglycinate 
and decreased in nitrate. The action potential was lengthened and the 
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plateau elevated by large anions; in nitrate the action potential was 
_ shortened and the plateau was closer to the resting potential. 

4. In potassium-free or potassium- and sodium-free solutions the 
membrane potential could be changed markedly by an anion disequili- 
brium. In the potassium- and sodium-free solution it was possible to dis- 


place the membrane potential permanently by imposing a new potential 
difference on the membrane for a few minutes. : 

5. At membrane potentials between —20 and +50 mV the ‘electrical 
membrane resistance was increased in the acetylglycinate and decreased 
in the nitrate solution. At membrane potentials between —50 and 
— 100 mV there was no change. 

6. The results support the hypothesis that (a) chloride ions are 
passively distributed, (b) chloride ions contribute but little to the total 
membrane conductance at the resting potential in normal Tyrode solution 
(—90 mV), but (c) become important as electrical charge carriers when the 
membrane is depolarized. 


I wish to express my indebtedness to Professor 8. Weidmann for his valuable help and 
criticism during this work. My thanks are also due to Professor A. von Muralt for the 
hospitality at the Physiological Institute of Berne. My stay in Berne was made possible by 
a traveller fellowship of the Belgian government and a grant (no. 1138) to Professor 5. 
Weidmann from the Swiss National Science Foundation. 
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There is evidence that barium ions may be substituted for sodium ions 
to produce action potentials in crustacean muscle fibres (Fatt & Ginsborg, 
1958) and in mammalian B and C fibres (Greengard & Straub, 1959). 
In these fibres the action potentials are remarkably prolonged in an 
isotonic barium solution. In mammalian A fibres, however, barium 
cannot be substituted for sodium, and isotonic barium causes conduction 
block (Greengard & Straub, 1959). 

A series of investigations on the excitation and electrical properties of 
cockroach giant axons has revealed that they resemble in many respects 
the giant axons of the squid, which have been widely regarded as repre- 
sentative of non-myelinated nerve fibres (Narahashi, 1960a). For example, 
the membrane potential of cockroach giant axons behaves quite similarly 
to that of squid giant axons with various external concentrations of sodium 
and potassium (Yamasaki & Narahashi, 1958, 1959a), and the negative 
after-potential can be explained on the same basis (Narahashi & Yama- 
saki, 1960a). It is therefore interesting to examine the behaviour of the 
membrane potential of this many-myennated nerve fibre under the influence 
of barium. 

Attention has recently been focused on the nature of the shia akaiitial 
as well as on that of the spike potential. There have appeared many 

publications dealing with the augmentation and prolongation of the 
negative after-potential under 4 variety of experimental conditions (see 
Shanes, 1958). In the giant axons of the cockroach the negative after- 
potential is increased by treatment with calcium-rich solutions and the 
insecticides dicophanum (DDT) and allethrin (synthetic pyrethrin) 
(Narahashi, 1960a, b; Narahashi & Yamasaki, 1960), c). Barium also 
increases the negative after-potential of the giant axon of the cockroach 
and an attempt was made to elucidate the mechanism of this increase. 


* Address for 1961; Department of Physiology, University of Chicago, Chicago 37, 
Illinois, U.S.A. 
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METHODS 


The giant axons in the abdominal nerve cord of the American cockroach, Periplaneta 
americana L.., were used throughout the experiments. The methods of stimulation and 
recording were essentially similar to those described in the previous paper (Narahashi & 
Yamasaki, 1960a). External stimulation was effected by a pair of silver-wire electrodes, 
while recordings were made by a micro-electrode inserted in the desheathed region of an 
axon. In the present experiments, however, an additional micro-electrode was often in- 
serted in the same axon within 50, of the recording electrode in order to deliver polarizing 
current. The voltage drop across a resistor connected in series with the current-passing 
electrode gave a measure of current strength. Micro-electrodes having a resistance of 1(-— 
20 mQ were selected for both polarization and recording. The input stray capacity was 
compensated by a negative-capacity feedback amplifier, the rising phase of a recorded 
square pulse of current being reduced to less than 10 psec when the above-mentioned micro- 
electrodes were used. 


TaBLe 1. Composition of solutions (mm) 


Na Ba Sucrose | K Ca Cl HCO, 
Normal 214 0 31 1-8 "920-7 0-5 
- 150 mm-Na | 150 0 128 3-1 1:8 156-7 0-5 
150 mm-Na+21mm-Ba 150 21 64 31 1-8 198-7 0-5 
150 mm-Na+43 mm-Ba 150 43 0 31 242-7 0-5 
100 mmu-Na 0 227 31 1-8 106-7 0-5 
100 mu-Na+ 21 mm-Ba 100 21 163 31 1-8 148-7 
100 mm-Na+43 mmu-Ba 100 43 98 18 192-7 0-5 
100 mm-Na+76 mmu-Ba 100 76 0 3°1 1-8 258-7 0-5 
75 mm-Na 75 0 278 1-8 81-7 0-5 
75 mm-Na+ 93 mmu-Ba 75 93 0 267-7 0-5 
50 mm-Na 50 0 328 3-1 1-8 56-7 0:5 
50 mmu-Na+109mm-Ba 50 109 0 31 1-8 274-7 0-5 
Isotonic Ba 0 143 0 31 1-8 292-7 0-5 
pH: ca. 7-2. 


The Ringer’s solution was the same as that described in the previous paper (Narahashi 
& Yamasaki, 1960a) exeept that phosphates were replaced by bicarbonate as a buffer. 
When the effect of barium was to be examined, sodium was replaced by barium, keeping 
the solution isotonic. A sucrose Ringer’s solution in which the corresponding amount of 
sodium was replaced by sucrose was used as a control in addition to normal Ringer’s 
solution. The concentrations of potassium and calcium were kept constant in all modified 
Ringer’s solutions, including isotonic Na-free Ba-Ringer’s ese The composition of the 
solutions used is given in Table 1 

Since the micro-electrodes were > kaos inserted while the UE fluid was changed by 
continuous perfusion, as described previously (Narahashi & Yamasaki, 1960a), the resting 
potential in the test solutions was measured in the following way. The input circuit, when 
an axon is impaled by the recording micro-electrode consists of the following: grid of 
cathode follower—Ag-AgCl—3 m-KCl (micro-electrode)—axoplasm—nerve membrane— 
bathing fluid—agar-Ringer—3 m-KCl—Ag-AgCl—ground. While the recording micro- 
electrode was kept inserted in an axon, the input of the recording system was grounded 
at intervals and the resulting difference in potential, ‘apparent resting potential’, was 
measured. This value was the sum of the resting potential, the tip potential of micro- 
electrode, and the potentials produced at the other interphases of the input circuit. The 
latter potentials included those produced at the junctions between the Ag-AgCl and the 


— 
. iz 
a 
bake 
f 
‘ 


EFFECT OF Ba ON COCKROACH AXONS 391 


3 m-KCl in the micro-electrode, between the bathing fluid and the agar-Ringer of the in- 
different electrode, between the agar-Ringer and the 3 m-KCl in the indifferent electrode, 
and between the 3m-KCl and the Ag-AgCl of the indifferent electrode. At the end of 
each experiment the recording micro-electrode was withdrawn in normal Ringer’s solu- 
tion and the potential change was measured. This value gave the resting potential 
measured directly at that moment. Furthermore, the input was grounded while the 
tip of the micro-electrode just withdrawn from the axon was in normal Ringer’s solution, 


and the potential change was measured. This value gave the sum of the tip potential and 


the other junction potentials, and was therefore subtracted from all measurements of the 
apparent resting potential made during the course of the experiment. Since the resistance 
of the micro-electrode was relatively low, it could be assumed that the magnitude of the 
tip potential measured in axoplasm was the same as it was in bathing fluid, and that the tip 
potential was constant throughout the experiment. The measurements in test solutions _ 
needed an additional correction. The junction potential between the bathing solution and the 
agar-Ringer of the indifferent electrode should have changed when the ionic composition of 
bathing solution was altered. The difference in junction potential was measured in another 
set of experiments with the test solutions given in Table 1. The recording micro-electrode 
was replaced by a glass tube of about 8 mm inside diameter in which agar-3-m-KCl and 
3 m-KCl solutions were introduced. The input was grounded while the KCl tube was dipped 
in the bathing fluid, and the potential change was measured. Such a potential obtained 
in normal Ringer’s solution was then subtracted from the potentials in the test solutions. 
Although the differences were only a few millivolts, they were further subtracted from the 
apparent resting potentials to obtain the true resting potentials. Despite these corrections, 


_the measurements of the resting potential were less reliable than those of the action potential. 


The experiments were conducted during the summer months at room temperatures 
ranging from 28 to 34-5° C. Although the temperatures were somewhat high, they did not 
have any harmful effect either on the intact cockroaches or on the isolated nerve cord 
preparations, the resting and action potentials remaining nearly constant in normal Ringer’s 
solution for over 5 hr. 


RESULTS 
Resting and action potentials 

Isotonic Ba solution. When normal Ringer’s solution was replaced 
with isotonic barium solution, nerve conduction was immediately blocked, 
but the effect was — reversible upon washing with normal Ringer’s 
solution. 

Solution with 75 ie a and 93 mm-Ba. Nerve conduction was also 
blocked when the concentration of barium was reduced to 93 mM, as is 
illustrated in Fig. 1. The normal Ringer’s solution containing 214 mm-Na 
was first replaced by 75 mm-Na containing no Ba (records A and B). The 
magnitude of the action potential was markedly reduced, and the rate of 
rise and the rate of fall of the action potential, especially the former, were 
also decreased, but the positive phase which followed the spike phase 
remained almost unchanged. This observation is in good agreement with 
that made previously (Yamasaki & Narahashi, 1958, 1959a). When the 
bathing fluid was then changed to 75 mm-Na+ 93 mm-Ba, the action 
potential became double-peaked and finally conduction was blocked, 
leaving only a small residual potential (record C). The graded nature of 
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the change was undoubtedly due to slow exchange of the bathing fluid. 
The double-peaked action potential is likely to be a manifestation of 
saltatory conduction across the desheathed region of the nerve cord where 
the micro-electrode is inserted, because the nerve sheath provides a strong 


Normal 75 mM-Na 75 mM-Na + 93 mM-Ba Normal 


Fig. 1. Records of the action potential showing the effect of reducing Na and 
adding Ba. In column C three records were taken with fast sweep during the course 
of and after conduction block, and the bottom record was taken with slow sweep 
after conduction block. Axon 10d. Temperature 31-5° C. 


75 mM-Na+ 
Normal 75 mmM-Na 93 m™-Ba Normal 

80 
= 
= 
40} 


5 
1 


101314 1 
o4.2:3%4 
| Time (min) 
Fig. 2. Changes in the resting potential (O), and in the amplitude (@), the 


«naximum rates of rise (/\) and of fall (A) of the action potential by a reduction of 
Na and an addition of Ba. Axon 10d. Temperature 31-5° C. 


barrier against the penetration of ions (Yamasaki & Narahashi, 1959a). 


The effect was completely reversible on washing with normal Ringer’s 
solution (record D). An example of the full course of an experiment is 
presented in Fig. 2, in which the magnitudes of the resting and action 
potentials and the maximum rates of rise and fall of the action potential 
are plotted against time. The resting potential was slightly increased by 
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_ phase following the spike potential, the positive phase being converted into 
a negative after-potential. Increase in barium concentration to 43 mm and 
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75mMm-Na and slightly decreased by 75 mm-Na+93mm-Ba, but the 
decrease was too small to account for the conduction block. 

Solutions with 100 mu-Na and various concentrations of Ba. The effects 
of various concentrations of barium contained in 100 mm-Na Ringer’s 
solution are shown in Figs. 3 and 4. Replacement of normal Ringer’s 
solution with 100 mm-Na caused the spike amplitude to decrease. When 
21 mm-Ba was added to 100 mm-Na, the resting potential was somewhat 


Normal 


100 mM-Na 


100 mM-Na + 
21 mM-Ba 


100 mM-Na -+- 
43 mM-Ba 


100 mM-Na 
76 mM-Ba 


Normal 


Fig. 3. Records of the action potential in various concentrations of Ba. Both 
fast (A) and slow (B) sweep records are shown in each solution. Axon 136. Tem- | 
perature 34-5° C, 


reduced, whereas the height of the action potential increased slightly. 
Both rising and falling phases of the action potential were slowed down 
considerably. Another conspicuous change was the reversal of the slow 


then to 76 mm brought about further accentuation of these effects, except 
for the effect on the spike amplitude which was nearly unchanged. At 
these concentrations of barium there appeared a remarkable step on the 
rising phase of the action potential (Fig. 3). This can be accounted for by 
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supposing that an action potential originating in the intact region of the 
nerve cord, where barium has not yet come into contact with the axon 


because of the barrier of the nerve sheath, spreads electrotonically along 


the axon to the point of impalement where the nerve has been desheathed 
and thereby is under the influence of barium, and that the critical depolari- 
zation for firing is greatly augmented by barium, as will be described in a 
later section. All these effects of barium were completely reversed when 
normal Ringer’s solution was introduced into the bathing chamber. The 
mean values for the amplitude and the maximum rates of rise and fall 
of the action potential are given in Table 2 

It is interesting to note that the amplitude of the action potential 
increased temporarily above normal upon readmission of normal Ringer’s 
solution (Fig. 4) Such a tendency was observed very often. The most 


likely explanation is as follows. When the perfusion of normal Ringer’s 


100 mM-Na+ 
Normal 2! ™™-Ba 4099 mm-Nat+ 100 mm-Na+ 
100 mrt-Na | 43. mn-Ba 76 mvt-Ba Normal 
100 2000 
1500 2 
E So 
60 
3 1000 
40 5 
2 
20 500 
4 1 


Time (min) 
Fig. 4. Changes in the resting potential (©), and in the amplitude (@), the 
maximum rates of rise (/\) and fall (A) of the action Ponies in various concen- 
trations of Ba. Axon 136. Temperature 34-5° ©. 


TABLE 2. Mean values for the amplitude, and the maximum rates of rise and fall of the action 
potential in various concentrations of Na and Ba. The numbers of measurements are shown 
in parentheses 


Na 
concen- Ba concentration (mm) 
tration A 
(mm) 0 21 43 76 
Amplitude (mV) 214 104 (31) — — 
2 150 94 (18) 110 (1) 97 (21) —_— 
100 91 (11) 93 (4) 92 (4) 90 (11) 
Maximum rate of 214 1790 (72) — ane one 
rise (V/sec) 150 1350 (8) 800 (1) 790 (7) — 
100 980 (11) 610 (4) 470 (4) _ $70 (10) 
Maximum rate of 214 660 (27) -- — — 
fall (V/sec) 150 590 (8) 430 (1) 320 (7) 


100 | 610 (11) 360 (4) 250 (4) 210 (10) 
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solution is begun, the sodium concentration is progressively raised while 
the barium concentration is progressively lowered. If the rate at which the 
action potential was affected by the change in sodium concentration were 
higher than that at which it was affected by the change in barium con- 
centration, then the rising phase, which is known to be more affected by 
[Na] than the falling phase (Yamasaki & Narahashi, 1959a), would 
approach the normal level earlier, whereas the falling phase would remain 
slow both in velocity and in its onset. This would result in an extension of 
the rising phase beyond its normal level, thereby causing the spike ampli- 
tude to increase. After a while, however, the effect of barium on the falling 
phase would disappear, so that the action potential would revert to its 
normal shape and magnitude. 

Repetitive excitation was rarely induced by a single shock in the 
barium-treated axons. 

Solutions with 150 mu-Na and various concentrations of Ba. Experiments 
similar to those described in the preceding section were carried out using 
21 mm- and 43 mm-Ba each contained in 150 mm-Ba. The effect of the 
-barium was essentially the same as before the rising and falling phases of 
the action potential being slowed down, and the negative after-potential 
being considerably increased. The increase in spike amplitude by barium 
- was also observed and was more marked than it was in 100 mm-Na. The 
mean values for the amplitude and the maximum rates of rise and fall of 
the action potential are given in Table 2. 


Critical depolarization and threshold current 


Pulses of depolarizing currents of 3 msec duration were delivered 
through a micro-electrode, and the resulting potentials and the current 
strengths were recorded. An example of records taken in 150 mm-Na is 
illustrated in Fig. 5A. When the current strength approached threshold, 
graded responses appeared which terminated in a slight undershoot. At 
threshold an action potential arose from the top of the graded response 
and terminated in a marked undershoot. The inflexion point between the 
slowly rising catelectrotonic potential and the action potential was 
measured from the resting level and was taken as a measure of the critical 
depolarization for firing. There was a general tendency for the spike 
amplitude to become smaller and for the critical depolarization to become 
slightly higher as the current intensity was reduced. These phenomena are 
_ explicable in terms of the inactivation caused by longer lasting cathodal 
current flow (Hodgkin & Huxley, 1952). 

In 150 mm-Na + 43 mm-Ba the critical depolarization was greater, and 
no undershoot followed the spike, as is shown in Fig. 5B. 

The mean values for the threshold current and the critical depolariza- 
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current. 


Fig. 5. Records of the catelectrotonic potential and action potential in 150 mm-Na 
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tion are given in Table 3. The critical depolarization increased from 25 to 
31 mV on reducing the sodium concentration from 214 mm (normal Ringer) 
to 150mm, and concomitantly the threshold current increased from 
3-4x 10-8 A to 63x 10-8 A. Barium caused a further increase in critical 
depolarization to 40 mV, but it had hardly any effect on the threshold 


150 mM-Na 


150 mM-Na + 43 mM-Ba 


and in 150 mm-Na+43 mm-Ba. Axon 26. Temperature 32-5° C. 


TABLE 3. Critical depolarization and threshold current. 
one axon by several repeated measurements, the number of which is shown in parentheses. In some 
axons, several sets of measurements were made at intervals, and the mean values for each set are pre- 


sented separately 


Axon Temp. 


no, (°C) 
20a 29:5 
206 29-5 
21 28 
22 28 
23 31 
24 31 
25 
26 32-5 
28 30 
Mean 30-2 


Normal Ringer’s solution 


150 mm-Na 


Each value represents the mean obtained for 


150 mm-Na+ 43 mm-Ba 


“Critical. Threshold 
depol. current 
(mV) (x 10- A) 


24 (13) co 
24 (5) 3-4 (5) 
24 (7) 3-4 (3) 
28 (5) ave 
25 3-4 


- 
depol. 


$2 (8) 
32 (6) 
33 (7) 
26 (5) 
32 (8) 
28 (4) 


31 


NAD 

Ses 


Critical 


depol. 


(mV) 


39 (10) 
36 (5) 


43 (7) 


43 (1 0) 


42 (4) 
41 (4) 
35 (4) 


40 


Action potential as affected by the displacement of 
membrane potential 


The total current passing through the nerve membrane can be divided 


into a capacity current and an ionic current. Thus we have 
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where J is the total membrane current density, J; is the ionic current den- 
sity, C is the membrane capacity per unit area, V is the displacement of 
the membrane potential from its resting value and ¢ is time (Hodgkin & 
Huxley, 19526). In the case where an action potential is propagated 
along an axon of uniform structure bathed in a large volume of conducting 
fluid, the membrane current density is expressed as 

dé?’ 
where a is the radius of the axon, R; is the specific resistance of the axo- 


plasm and @ is the velocity of conduction (Hodgkin & Huxley, 19526). 
Hence, 


Therefore, when the rate of rise of the action potential is at a maximum, 
dV 
I, O “dt. 


This means that the ionic current density is proportional to the maximum 
rate of change of the action potential. In the giant axon of the squid, the 
inward current upon depolarization is known to be related to the membrane 
potential immediately before depolarization (Hodgkin & Huxley, 1952a). 
It follows that the rate of rise of the action potential, which is indicative 
of the inward sodium current, should also be related to the membrane 
potential from which the action potential arises. This is actually the case 
in Purkinje fibres (Weidman, 1955). 

Now it has been shown that barium causes a slight but definite de- 
polarization. Simultaneously, the rising and falling phases of the spike 
potential were slowed down. It is therefore reasonable to suppose that 
the slow rising phase in barium might be due to the fall of resting potential 
and if this were the case, the rate of rise would be restored by hyperpolari- 
zing the membrane. 

Figure 6 illustrates a series of records of the action potential in depolar- 
ized (records A and C) and in hyperpolarized (records B and D) mem- 
branes. In Fig. 7, the height, the maximum rate of rise and the maximum 
rate of fall of the action potential obtained in normal Ringer’s solution and 
in 150 mm-Na+ 43 mm-Ba solution are plotted against the displacement 
of the membrane potential. | 

In normal Ringer’s solution, the peak of the action potential fell short 
of the normal level as depolarization became greater (Fig. 6A, 6-4), 
whereas it could reach almost the normal level even when the membrane 
was hyperpolarized to a considerable extent (Fig. 6B, a-c). However, 
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when the membrane was hyperpolarized still further, the peak of the 
action potential fell short of the normal level (Bd). These effects are 
more clearly seen in Fig. 7, in which the spike heights measured in normal 
Ringer’s solution (filled-in circles) fall close to a straight line having a slope 
of about unity in the hyperpolarized membrane, whereas the line bends 
slightly upwards in the depolarized membrane. The rate of rise of the 
action potential was lowered very effectively by depolarization (Fig. 6A 
and Fig. 7, filled triangles) this being in good agreement with previous 


Normal 150 mM-Na-+ 43 mM-Ba 


_ Fig. 6. Effects of depolarization (A and C) and hyperpolarization (B and D) on the 

- action potential in normal Ringer’s solution and in 150 mm-Na+43 mm-Ba. The 

action potential was produced by external stimulation about 20 msec after the onset 

of polarizing current. In A and C, the upper trace in each record represents the 

response in depolarized membrane, and in B and D, the lower trace is the response 
in hyperpolarized membrane. Axon 19. Temperature 29-5° C. 


observations (Yamasaki & Narahashi, 1959b). The rate of rise was also 
somewhat slowed down by hyperpolarization, although such a slowing was 
not observed previously (Yamasaki & Narahashi, 19595). The explanation 
for the discrepancy is not immediately obvious though higher temperature 
in the present experiments is likely to be one of the factors involved. 

On treatment with 150 mm-Na + 43 mm-Ba, there appeared two changes 
worthy of note. In the first place, the depressive effect of depolarization 
on the spike height disappeared. The peak of the action potential could 
now reach its normal level even when the maximum depolarizing current 
was applied (Fig. 6C), so that the curve relating the spike height to the 
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displacement of the membrane potential became a straight line both in 
depolarized and in hyperpolarized membranes (Fig. 7, open circles). In 
the second place, the rate of rise of the action potential became more 
stable than normal in the sense that the relation with the membrane 
potential became a straight line with a steep slope, the rising phase 
now being ‘slightly accelerated by depolarization (Fig. 7, open triangles). 


Rate of change (V/sec) 
800 


Hyperpol. (mV) 


80 
Potential (mV) | 


Fig. 7. Changes in the amplitude (O@), and in the maximum rates of rise (A A) an 
fall (Om) of the action potential caused by the displacement of the membrane 
potential from the resting level. The filled symbols represent the measurements 
in normal Ringer’s solution, and the open ones in 150 mm-Na+43 mm-Ba. 
Axon 19. Temperature 29-5° C. 


Although the slowness of the rise of the action potential seems to indicate 
a reduction of the sodium-carrying system rapidly available upon de- 
polarization, these two features are both well explained by supposing that 
the inactivation of the sodium-carrying system normally occurring upon 
depolarization does not take place so effectively as in the normal axons. 
These observations rule out the possibility that the slowing of the rising 
_ phase of the action potential caused by barium is due to the fall of resting 
potential. There was no marked difference in the rate of fall of the action 
potential between the normal and Ba-treated axons, except that the 
absolute value was smaller in the latter (Fig. 7, open squares) than in the | 
former (filled-in squares). 
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Nature of the negative after-potential increased by Ba 

There is good evidence that the negative after-potential of the cockroach 
giant axon bathed in normal Ringer’s solution can be explained by the 
accumulation of released potassium in the immediate vicinity of the nerve 
membrane (Narahashi & Yamasaki, 1960a). The insecticide DDT has 
been shown to cause the negative after-potential to increase markedly, 
and a plateau phase even appeared in the later stages of DDT poisoning if 
the external potassium was reduced to zero (Narahashi & Yamasaki, 
19606, c). This increase is explicable on the assumption that the increase 
in membrane potassium conductance taking place during the latter half 
of the action potential is delayed and partly suppressed (Narahashi & 
Yamasaki, 19606), and that in later stages of DDT poisoning a partial 
suppression of sodium inactivation during the falling phase of the action 
potential may also be involved (Narahashi & Yamasaki, 1960c). An 
attempt was therefore made to elucidate the mechanism underlying the 
increase in negative after-potential by barium through the same approach 
as in the case of DDT. 

Addition of negative after-potentials by repetitive stimulation. It is reason- 
able to assume that the negative after-potentials would add during repeti- 
tive excitation if they were due to the accumulation of some substance 
inside or outside of the membrane. This proved to be the case in squid giant 
axons (Frankenhaeuser & Hodgkin, 1956), in cockroach giant axons 
(Narahashi & Yamasaki, 1960a) and in mammalian non-myelinated nerve 
fibres (Greengard & Straub, 1958), where the negative after-potential was 
explained by the accumulation of potassium near the membrane. On the 
other hand, the negative after-potentials would not add, on repetitive 
stimulation, if they were not caused by such an accumulation of any sub- 
stance. Examples may be provided by DDT-poisoned cockroach giant 
axons, in which the negative after-potential is greatly augmented (Nara- 
hashi & Yamasaki, 19605), and by skeletal muscle fibres of the frog 
(Ishiko & Sato, 1956) 

The records of Fig. 8 were taken in 150 mm-Na+43 mm-Ba. A large 
negative after-potential appeared after a single response (record A). 
Upon repetitive stimulation at a frequency of 200/sec, there was little, if 
any, addition of the negative after-potentials (record B). By increasing the 
stimulus frequency up to 500 /sec, there appeared a slight addition 
(record C). Such a small addition is rather comparable to that observed 
in the normal axon (Fig. 2 in Narahashi & Yamasaki, 1960), and, there- 
fore, can be accounted for by the accumulation of released potassium in 
the immediate vicinity of the nerve membrane. 

The absence of marked addition of the negative after-potentials on 


Te 
Cé 
t] 
X 
il 
D 
i 
ry 


EFFECT OF Ba ON COCKROACH AXONS 401 


- repetitive stimulation is more clearly seen in Fig. 9, in which the decay 


of the negative after-potentials of the first through fourth and sixteenth 
impulses are plotted on a semi-logarithmic scale against time as was done in 
the previous papers (Narahashi & Yamasaki, 1960, 6). The open circles 
show the calculated values for the negative after-potentials which would 
be expected if they added in a linear manner. The actual small addition 
of the negative after-potentials seen in this figure falls far short of the 


calculated addition. 


Fig. 8. Records of the action potentials produced by single and repetitive shocks 
in 150 mm-Na+43 mm-Ba. The frequencies of repetitive stimulation are 200/sec _ 
in B and 500/sec in both C and D. Record D is a superimposed photograph with 
varying numbers of stimuli. The lower voltage calibration also applies to D. 
Axon 22. Temperature 28° C. 


9 


Time constant of membrane. The measurement of the time constant of 
decay of the negative after-potential should throw some light on the 
mechanism of its production, because it is of importance to know whether 
or not the decay is passive in nature. Record D in Fig. 8 is a superimposed 
photograph with varying numbers of stimuli. It seems at first sight that 
the decay is almost the same regardless of the number of impulses. Figure 
9 reveals this point clearly. Unlike the normal axon, in which the negative 
after-potential could be expressed as a single exponential term (Narahashi 
& Yamasaki, 1960a), the initial exponential phase was terminated in a 
faster phase. The time constants of the initial phase in this particular 
fibre were 5-3 msec (1st impulse), 5-0 msec (2nd), 4-9 msec (3rd and 4th) 
and 4-6 msec (16th), and those of the terminal phase 3-1 msec (lst im- 
pulse), 3-0 msec (2nd) and 2-2 msec (3rd, 4th and 16th), there being a 
slight but definite tendency for both time constants to decrease with 
increasing number of stimuli. The same tendency was always seen in 
other Ba-treated fibres, and is in sharp contrast with the normal axon 
where the reverse tendency is observed (Narahashi & Yamasaki, 1960a). 


This problem will be discussed later. 
26-2 
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The time constant of the initial falling phase of the negative after- 
potential in a single impulse is given in Table 4. The mean value is calcu- 
lated as 4-7 msec. 

In order to determine the resting membrane time constant of the 
Ba-treated axon, measurements were made on the rising phase of the 
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Potential (mV) 
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Fig. 9. Time course of the decay of the negative after-potential during a train of 
impulses at 500/sec in 150 mm-Na+ 43 mm-Ba. The first, second, third, fourth and 

_ sixteenth impulses are illustrated. The ordinate represents the potential on a 
logarithmic scale, and the abscissa is the time measured from the beginning of 
the train. The filled circles are the measured points. The straight lines were 
drawn by eye. The time constants of the initial phase and of the terminal phase 
(in parentheses) are: Ist, 5:3 msec (3-1 msec); 2nd, 5-0 msec (3-0 msec); 3rd and 
4th, 4-9 msec (2-2 msec); 16th, 4-6 msec (2-2 msec). The open circles represent the 
potential immediately after the end of the second, third and fourth spikes, calcu- 
lated by adding the initial height of the first negative after-potential to the 
potential remaining at the moment when the next spike arises. Axon 22. Tem- 
perature 28° C, 
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anelectrotonic potential produced by a weak inward current. Anelectro- 
tonic potentials having a steady-state magnitude of about 10 mV were 
chosen for measurements, because the membrane resistance became some- 
what greater with increasing anodal current, thereby making the time 
constant larger than its resting value. The time to reach 84% of the 
steady-state magnitude was taken as a measure of the time constant, 
because the time course of the electrotonic potential was regarded as an 
error function (Hodgkin & Rushton, 1946) under the present experimental 
conditions. The time constants are shown in Table 4, the mean value being 
14:0 msec. This value is nearly three times as large as the time constant 
of the negative after-potential, which suggests that the falling phase of 
the negative after-potential is affected by some accelerating mechanism. 


TABLE 4, Time constants (msec) 


Decay of 
Decay of catelectrotonic potential : 
negative of various amplitudes Rise of 
Axon Temp. after- anelectrotonic 
no. (°C) potential 2mV 5mV 10mV_ 20mV potential 
18 29-5 37 6-5 5-9 4:8 2-6 14-4 
19 29-5 4-4 4-3 4-0 3°4 2°3 15-5 
22 28 4-5 6-0 5-6 5-1 10-7 
4-1 7-0 7-0 7-0 7:0 
8-1 7:8 7:3 6-4 15-7 
26 32-5 6-0 5-9 5:7 5-4 4-4 16-2 
28 30 5:2 3-4 3° 11-6 
3°5 3°4 3-3 3-1 — 
Mean 29°9 4:7 5-6 5-4 5-0 4-2 14:0 


The time constant of decay of the negative after-potential in a single impulse was ob- 
tained from the slope of the initial phase of decay drawn on a semi-logarithmic scale as 
shown in Fig. 9. The time to fall to 16 % of the steady-state amplitude was taken as a measure 
of the constant of decay of the catelectrotonic potential. The measurements of the cat- 
electrotonic potentials with various magnitudes were plotted against depolarization as in 
Fig. 11, and the values at each depolarization listed were obtained from the straight line of 
the graph. The time to reach 84% of the steady-state amplitude was taken as a measure 
of the time constant of rise of the anelectrotonic potential. About 10 mV hyperpolarizetion 
was employed. 


As the next step, the time constant was measured on the falling phase of 
a catelectrotonic potential. A series of records of catelectrotonic potentials 
with varying magnitudes was taken as shown in Fig. 10. The time constants 
measured from such records are plotted against depolarization in Fig. 11. 
It is seen that they become smaller with depolarization in a linear manner. 
From such a straight line, the time constants were picked out at depolariz- 
ations of 2, 5, 10 and 20 mV, and are listed in Table 4. There is agreement in 
the order of size of the time constant between the negative after-potential 
and the catelectrotonic potential, both of which had much smaller time 
constants than that of the anelectrotonic potential. This seems to imply 
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that the acceleration of the falling phase of the negative after-potential is 
related to a depolarization of the membrane. 

Voltage—current relation. From the data so far described it seems prob- 
able that the mechanism by which the falling phase of the action potential 
is accelerated is somewhat inhibited by barium, thereby causing the 


Fig. 10. Records of catelectrotonic potentials of various magnitudes in 
150 mm-Na+43 mu-Ba. Axon 28. Temperature 30° C. 


negative after-potential to increase. The mechanism presumably involves 
the rise in membrane potassium conductance and the inactivation of the 
sedium-carrying system (Hodgkin & Huxley, 19526). If any effect on 
the rise in potassium conductance were responsible for the increase in 
negative after-potential, the voltage—current relation would be changed. 

Figure 12 shows a series of records of the catelectrotonic and anelec- 
trotonic potentials in 150 mm-Na (records A and B respectively) and in 
150 mm—Na + 43 mm-Ba (records C and D). The membrane showed clearly 
a delayed rectification in 150 mm-Na, which is in accordance with the 
previous observations (Yamasaki & Narahashi, 1959). It should be 
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Fig. 11. The relation between the magnitude of depolarization (abscissa) and the 
time constant of decay of the catelectrotonic potential (ordinate) in 150 mm- 
Na+43 mm-Ba. The straight line was drawn by eye. Axon 26. Temperature 
32-5° C, 


150 mM-Na ": 150 mM-Na + 43 mM-Ba 


Fig. 12. Records of the catelectrotonic (A and C) and anelectrotonic (B and D) 
potentials in 150 mm-Na and in 150 mm-Na+43 mm-Ba. The current strengths 
were: A (from top to bottom), 1-15, 2:18, 2°87, 3-91, 5-17, and 6-90 x 10-* A; B, 
1°38, 2-07, 3-27, 4-60, 5°75, and 7-98 x 10-* A; C, 0-58, 0-92, 1-97, 3-24, 4-64 and 
6-49 x 10-* A; D, 0-46, 0-92, 2-14, 3:48, 4-87 and 8-44x10-* A. Axon 26. Tem- 
perature 32-5° C. 


ad 
4 
| q 
ay 
2 
i 
| { 
d 


406 


T. NARAHASHI 


added that no repetitive excitation occurred either in 150 mm-Na or in 
150 mm-Na +43 mm-Ba even when the intensity of cathodal current was 


raised to two or three times threshold. 
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Fig. 13. Voltage—current relations. Measurements were made at first in 150 mm- 
Na (@), next in 150 mm-Na+43 mm-Ba (x), and then again in 150 mm-Na (0). 
The abscissa represents the current —— and the ordinate the potential. 


Axon 26. Temperature 32-5° C. 


The magnitudes of the steady-state electrotonic potentials are plotted 
against the current strengths in Fig. 13. The filled circles show the control 
measurements made in 150 mm-Na. It should be noted that the effective 
resistance across the membrane shown by the slope of the curve is re- 


duced not only by depolarization but also by hyperpolarization greater 
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than about 100mV. The crosses represent the measurements in 
150 mm-Na+43 mm-Ba. As is clearly shown by the change in slope, the 
effective resistance greatly increases both for depolarized and for hyper- 
polarized membranes, except at the largest hyperpolarization employed, 
although the delayed rectification is still observed. When the nerve was 
again washed with the 150 mm-Na solution, the voltage—current relation 
was completely restored (open circles). 


TaBLeE 5. Effective membrane resistance (kQ) 


At a depolarization 
At resting potential At a depolarization of 10 mV of 20 mV 
Normal 150mm- Normal 150 150 
Temp. MRinger’s 150 mm- Na+ Ringer’s 150mm- Na+ 150mm- Na+ 
(°C) solution Na 43 mm-Ba_ solution Na 43mm-Ba Na 43mm-Ba 
28 770 — 2000 410 — 850 — 710 
1330 = 2500 520 — 820 — 600 
31 — 660 1250 — 190 260 130 110 
32°5 — 800 160 — 
32:5 — 1100 — 250 210 
— 1270 2630 — 280 930 200 480 
30 — 800 — — 170 _ 110 — 
30 — 820 1950 — 260 970 160 290: 
30-3 910 930 1990 380 220 720 180 410 


From voltage-current curves such as that shown in Fig. 13, effective 
resistances across the membrane were calculated and are listed in Table 5. 
The resting effective resistance refers to the slope at the point where no 


. current is passed. The effective resistance was also measured at depolariza- 


tions of 10 and 20 mV. The increase in effective resistance caused by. 
barium amounts to about twice in the resting membrane and about twice 
to three times in the depolarized membrane... 

Since the membrane effective resistance (R,) is related to membrane 
resistance (the resistance times unit length of the membrane, r,,) and 
axoplasm resistance (the resistance per unit length of the axoplasm, r;) 
by the equation R, = },(r,,r;), the relative change in the membrane 
resistance caused by depolarization or hyperpolarization can be com- 
puted from the voltage—-current curve, if the axoplasm resistance is 
assumed to remain constant. Such calculated curves are shown in Fig. 14, 
in which it is seen that the Ba-treated axon has a membrane resistance 
much higher than normal at all depolarizations. 

An attempt was made to calculate current density from the voltage— 


_ current curve of Fig. 13. By the current density is meant current per 


unit: area of membrane which would result from a uniform change in 
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potential (V) over the whole length of the fibre. According to Cole & 
Curtis (1941), the current density (i) is proportional to J.d//dV, where 
I is current intensity passed through the membrane. As has been shown 
by Burke & Ginsborg (1956), if the specific resistance of the axoplasm (Ry) 
and the diameter of the fibre (d) are known, 
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Fig. 14. The relation between membrane resistance in arbitrary units (abscissa) 
and the magnitude of depolarization (ordinate) calculated from the curves of 
Fig. 13. Measurements were made first in 150mm-Na (@), next in 150 mm- 
Na+43 mm-Ba (x), and then again in 150 mm-Na (0).: 


The calculated curves are drawn in Fig. 15, in which the abscissa represents 
the displacement of the membrane potential from the resting level, and the 
ordinate the current density in arbitrary units. If the specific axoplasm 
resistance and the fibre diameter are assumed to be 130 2 cm and 50 yp 
respectively (Yamasaki & Narahashi, 19596), each unit of current density 
would be equivalent to about 10.A/cm*. The current density is shown to 


be very much reduced by barium both in desi ical and in en 
membranes. 
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Fig. 15. The relation between the displacement of membrane potential from the 
resting level (abscissa) and the current density (ordinate) in arbitrary units, i.e. 
currents per unit area of membrane which would result from a uniform change in 


potential over the whole length of the axon. The curves were calculated from 
), next in 150 mm- 


Fig. 13. Measurements were made first in 150 mm-Na ( 
Na+43 mm-Ba ( ), and then again in 150 mm-Na ( 
Transmembrane stimulation in isotonic Ba solutions © 

It has already been pointed out that the isotonic barium medium causes 
conduction block. However, it remains to be seen whether under these 
conditions the membrane is capable of producing responses that fail to 


conduct along the axon. This problem has not been examined in detail, 


and only the results of preliminary experiments will be described here. 

Records of the electrotonic potential of the axon bathed in isotonic 
barium are shown in Fig. 16. No spike potential was generated even when 
the membrane was depolarized by as much as 120 mV (record A). Record B 
in Fig. 16, which was taken with a faster sweep, shows the rising phase 
of the catelectrotonic potential more clearly. There is a step in the early 
part of the rising phase which at first sight might seem to be a local 
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response. However, this possibility was excluded by superposing the catelec- 
trotonic potential on the anelectrotonic one (record C) produced by the 
same but opposite currents, because both rising phases just coincided 
and no extra potential was seen during the course of the catelectrotonic 
potential. Therefore, it is reasonable to assume that the step indicates 
the onset of delayed rectification. 

The small potentials seen during the course of the largest catelectrotonic 
potential (Fig. 16 B) are likely to be electrotonic spread of the action poten- 
tials produced in the intact region of the nerve cord, because the nerve 
sheath behaves as a strong barrier against the penetration of ions (Yama- 
saki & Narahashi, 19592). 


200 msec 20 msec 


Fig. 16. Records of the catelectrotonic.(A and B) and anelectrotonic (C) poten- 
tials in isotonic Ba. B and C are superimposed records, in which the intensity of 
applied current is changed at random. Axon 28. Temperature 30° C. 


DISCUSSION 


Unlike crustacean muscle fibres (Fatt & Ginsborg, 1958) and mammalian 
B and C fibres (Greengard & Straub, 1959), the giant axons of the cock- 
roach are unable to produce action potentials in an isotonic barium solu- 
tion resembling in this respect mammalian A fibres (Greengard & Straub, 
1959). However, the action of barium, to increase and prolong the falling 
phase of the action potential seen with crustacean muscles and mammalian 


B and C fibres, has also been demonstrated in cockroach giant axons with — 


rather weak concentrations of barium. The increase in the negative after- 
potential caused by weak concentrations of barium was also observed in 
' frog nerve (Lorente de Né & Feng, 1946). 

The increase in resting membrane resistance caused by barium is 
consistent with the fall of resting potential. Assuming that the resting 
membrane conductance is largely but not exclusively due to potassium 
conductance (Yamasaki & Narahashi, 1959a), the decrease in the latter 
should cause depolarization. 

It seems likely that the slowness of the rise of the action potential 
caused by barium is due to a depression of the sodium-carrying system. 
The rise in the critical level of depolarization is consistent with this view. 
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The fact that the active membrane potential and the rate of rise of the 
action potential are stabilized by barium against the displacement of the 
membrane potential shows that the inactivation of the sodium-carrying 
system normally occurring upon depolarization does not take place. In 
other words, under the influence of barium, the sodium-carrying system is 
largely stabilized at a half depressed state, so that its rapid availability 
for carrying sodium ions upon depolarization is reduced, thereby slowing 
down the rate of rise of the action potential, and so that after activation 
its inactivation proceeds very slowly, contributing towards slowing down 
the rate of fall of the action potential. The fact that the spike height is not 


reduced by barium does not seem to be inconsistent with this view, because 


the delay of the inactivation occurring upon depolarization together with 
the decrease in potassium conductance rise, which will be discussed 
later, would enable the membrane to be depolarized as far as or even 
beyond the normal level. | 

The increase in negative after-potential caused by barium cannot be 
explained in terms of the accumulation of any substance near the mem- 


brane, because no linear addition of the negative after-potentials occurs 


during repetitive excitation. In barium the membrane resistance is con- 
siderably higher than normal not only in the resting state but also in the 
depolarized membrane. This leads us to the assumption that the potas- 
sium conductance, which rises with a certain delay upon depolarization, 
is still less than normal at any particular level of depolarization. It follows 
that the potassium conductance during the falling phase of the action 
potential is smaller than norma!, thereby preventing the falling phase from 
reaching the resting level at once, forming a large negative after-potential. 
The depression of the inactivation process normally occurring upon 
depolarization, which has been discussed in the preceding paragraph, is 
also likely to be partly responsible for the large negative after-potential. 
The positive phase following the spike, which is thought to be indicative 
of the increase in potassium conductance (Yamasaki & Narahashi, 1959a), 
disappears in barium, this effect being also well explained in terms of a 
smaller potassium conductance. 

The falling phase of the catelectrotonic potential has a time constant 
appreciably smaller than that of the resting membrane. Furthermore, the 
rate of the falling phase depends partly on the magnitude of depolarization, 
becoming slightly higher with increasing depolarization. It follows that 
some accelerating mechanism for the falling phase comes into action when 
the membrane is depolarized. It’ is reasonable to suppose that this 
accelerating mechanism is a rise in potassium conductance. On the other 


_ hand, the time constant of the falling phase of the negative after-potential 


is approximately the same as that of the catelectrotonic potential and 
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appreciably smaller than that of the resting membrane. This is explained 
on the assumption that the accelerating mechanism, i.e. the rise in potas- 
sium conductance, is still working slightly during the falling phase of the 
negative after-potential, although the mechanism is now partly suppressed 
by barium, as mentioned above. 

It is worth while to note in this connexion that in barium the falling 
‘phase of the negative after-potential is slightly but definitely accelerated 
upon repetitive stimulation, whereas the reverse is true in normal Ringer’s 
solution (Narahashi & Yamasaki, 1960a). This acceleration may be 
explained as follows. For the first impulse the potassium conductance 
during the falling phase is still less than normal. By repetitive excitation 
however, a small additional increase in potassium conductance may occur. 
Such an increase would accelerate the falling phase of the negative after- 
potential, thereby making the time constant smaller. — 


SUMMARY 


1. The effect of Ba on the spike potential and the negative after- 
potential of the cockroach giant axon has been examined by means of 
intracellular micro-electrodes. 

2. Nerve conduction was reversibly blocked by isotonic Ba solution and 
a solution with 75 mm-Na and 93 mm-Ba. 

3. By 21-76 mm-Ba the resting potential was slightly reduced, the 
rising and falling phases of the action potential were considerably slowed 
down, and the negative after-potential was markedly increased, the degree 
of the effects being dependent on the Ba concentration. The spike ampli- 
tude slightly increased in weak concentrations of Ba. 

4. The critical depolarization for firing became greater but the threshold 
current remained almost unaltered in 43 mm-Ba. 

5. The height and the rate of rise of the action potential were stabilized 
by 43 mm-Ba, undergoing smaller changes on displacement of the mem- 
brane potentials. 

6. The negative after-potentials increased by 43 mm-Ba did not add 
linearly during repetitive excitation. 

7. The falling phase of the negative after-potential in 43 mm-Ba could 


be expressed by two exponential terms. The initial phase, occupying 


the major part of a negative after-potential, was slower than the 
terminal phase. Both phases were slightly accelerated by repetitive 
stimulation. 

8. In 43 mm-Ba, the time constants for the falling phase of the negative 
after-potential and of the catelectrotonic potential were appreciably 
smaller than the time constant of the resting membrane. 
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9. The effective membrane resistance was remarkably increased by 
43 mM-Ba not only in the resting state but also in the depolarized 
membrane. | 


10. In isotonic Ba, neither spikes nor local responses were produced 
by transmembrane stimulation. | 


11. The Na-carrying system is to some extent stabilized by Ba at a 
half depressed state. The increase in negative after-potential caused by Ba 
‘can be explained on the assumption that the rise in K conductance during 
the falling phase of the action potential falls short of the normal level and 
that the inactivation normally occurring upon depolarization is much 


depressed, thereby preventing the falling phase from reaching the resting 
potential at once. 


I am indebted to Dr T. Yamasaki for his interest and encouragement during the course 
of this work. Thanks are also due to Dr 8. Hagiwara and Dr A. Watanabe for criticisms, and 
to Miss 8, Hamada for technical assistance. This work was supported in part by a grant 
from the Ministry of Education of Japan. 
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THE EFFECTS OF INTRAVENOUS ALDOSTERONE AND 
HYDROCORTISONE ON THE URINARY ELECTROLYTES 
OF THE RECUMBENT HUMAN SUBJECT 


By J. N. MILLS, 8. THOMAS ann K. 8S. WILLIAMSON 
From the Department of Physiology, University of Manchester 


(Received 9 December 1960) 


The sodium retention on injection of aldosterone into human subjects 
is often accompanied by an acute increase in the excretion of hydrion. 
The changes in hydrion excretion observed by Mills, Thomas & Williamson 
(1960a) were not large, perhaps because of the rather high control outputs; 
we hoped that a rise in hydrion excretion might be more convincingly 
demonstrated in recumbent subjects, in whom urine is commonly alkaline 
(Thomas, 1957), and the action of aldosterone on cation excretion might 
be further elucidated. Injections have therefore been given to recumbent 
subjects either on waking in the morning, or at 13.00 hr; the effects were 
thus observed over two periods when the spontaneous excretion of sodium 
and potassium is markedly different. Since in our previous experiments 
hydrocortisone (cortisol) appeared to increase potassium excretion without 
directly affecting hydrion, we have also examined its action in the canons 
circumstances of the present paper. 

A preliminary account of this work has already appeared (Mills, Thomas 
& Williamson, 19605). 


METHODS 
The subjects were three healthy males aged’27-46. In afternoon experiments the subject 


_ lay down about 11.00 hr (subjects M and T) or stood from 11.00 to 13.00 hr (subject W); 


all remained recumbent from about 13.00 hr, when aldosterone was given, until the end 
of the observations 3 or 4 hr later. pxi-Aldosterone (Ciba), either the 21-monoacetate or 
the free aleohol, was given intravenously, either as a single dose of 500 ug, or as two doses 
of 250 wg with an interval of 14 hr, or by continuous infusion at 76-106 yg/hr. The effects 
of these different dosages were similar. In morning experiments a single injection of 500 pg 
aldosterone or 100 mg cortisol (EF—Cortelan, Glaxo), was given when the subject awoke, 
and he remained recumbent for a further 4-5 hr. Urine was voided hourly or half-hourly 
and collected under paraffin, and analysed by the methods of our previous paper (Mills et al. 
1960), with the addition of chloride analysis (Sanderson, 1952). Hydrion values reported 
in this, as in the previous, paper were calculated as (ammonium + titratable acid phosphate — 
bicarbonate) ; ; in most experiments titratable acid has been directly determined, and if this 
is substituted for titratable acid phosphate a higher figure for hydrion is obtained. Our 
conde concerning the alterations in hydrion excretion affected by steroids are, however, 

the same. 
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In afternoon experiments the subject had a light breakfast without caffeine, and no food 
thereafter. In morning experiments T had a similar light breakfast, but M and W fasted. 
The subjects drank freely. 


RESULTS 
; Afternoon experiments 

Urine collections have been made without (NV) and with (A) aldosterone 
injection, upon three subjects, as follows: M, (4.NV and 3A), T (2. and 2A) 
and W (3N and 2A). The differences between the means of experiments 
with and without aldosteroneinjection are shown in Table 1. The differences 
before injection represent random differences between one day and 
another. 


TaBLE 1. Effect of aldosterone injection into recumbent subjects at 13.00 hr. Figures are 
differences (yequiv/min) between the means of experiments with and without aldosterone 
injection. Positive values indicate increased excretion 


Before 
Subject injection Ist hr 2nd hr 3rd hr 4th hr 
M Na — 32 + 67 —16 — 30 — 108 
K —16. +39 +35 + 36 + 36 
H +5 —16 +5 +21 + 55 
Total —43 +90 + 24 +27. 
cation 
Cl —47 + 68 +3 — 37 —10 
Tr Na —12 — 36 — 93 — 84 — 61 
—6 —18 +18 +16 +25 
H —1 +21 +20 +20 + 22 
Total —19 — 33 — 55 — 48 —14 
cation 
Cl +17 —5 — §2 — 38 — 15 
WwW Na — 22 —5 + 24 — 50 — 122 
K —17 —17 +14 + 23 + 29 
H —2 +4 +21 + 24 + 30 
Total — 37 —18 +59 —3 — 63 
cation 
— 32 —] +69 —10 — 50 


Every injection of aldosterone was followed by the familiar sharp fall 
in sodium excretion to values usually below 100 y-equiv/min; in all control 
experiments it remained fairly high, usually around 200 u-equiv/min. 
Potassium excretion, in the two subjects who lay down at 11.00 hr, fell 
continuously throughout the afternoon; after aldosterone injection the 
fall was smaller. In subject W, who always stood from 11.00 to 13.00 hr, 
excretion had fallen by 13.00 hr to 30-40 y-equiv/min, and when he lay 
down without aldosterone injection it stayed around this level or rose 
moderately; when aldosterone was injected at the time he lay down, it 
rose sharply to 75-90 y-equiv/min between 16.00 and 17.00 hr. Thus in 
all subjects potassium excretion was greater after aldosterone injection 
than in controls, This action of aldosterone upon sodium and potassium 
excretion has been frequently reported; it resulted in the familiar gross 
depression of urinary Na:K ratio. 
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Less familiar is the action upon acid output. In all subjects the hydrion 
excretion after aldosterone injection was substantially greater than in 
control experiments. Subjects M and T, while recumbent between — 
11.00 and 13.00 hr, usually excreted more bicarbonate than ammonium + 
titratable acid, that is, the hydrion excretion was negative; on continued 
recumbency hydrion output rose steadily in controls, and more steeply 
after aldosterone injection. In subject W, who stood from 11.00 to 
13.00 hr, hydrion output was positive over this period, and fell during 


-recumbency from 13.00 to 17.00 hr; aldosterone injection reversed this 


change, and led to a rise of hydrion output during sustained recumbency. 

Since the outputs in different subjects were not identical, a numerical 
value for the mean effect of aldosterone would have little meaning. Where, 
however, the direction of change in excretion induced by aldosterone was 
the same in all three subjects, the significance of this change can be assessed 
by calculating P values for each subject and combining them by the ,? 


_ method of Fisher (1941). Only in the fourth hour after injection were the 


fall in sodium and the rise in potassium and hydrion highly significant 
(P < 0-01). In the third hour the rise of potassium was just (0-05 > P > 
0:02) and of hydrion not quite (0:10 > P > 0-05) significant. 

Where the fall in sodium excretion was not balanced by a rise in the 
excretion of potassium and hydrion, chloride excretion fell, suggesting 
a reabsorption of some sodium in association with chloride. 


Morning experiments: aldosterone and cortisol 


Urine was collected from each of the subjects on two mornings without | 
injection and on two mornings after injection, on waking, of each steroid. 
The electrolyte outputs are shown in Fig. 1. The mean outputs after 
cortisol and in control experiments are plotted, for clarity, but aldosterone 
experiments are plotted separately to indicate the differences between 
the two. 

In the control experiments excretion of sodium, chloride and potassium 
rose to fairly high levels by the end of the morning, and hydrion excretion 
was negative. Aldosterone checked the rise of sodium excretion in all 
subjects: in T and W it checked the fall of hydrion without affecting 
potassium excretion; in M it increased potassium, rather than hydrion, 
excretion. In one experiment each on T and W the sodium retention 
induced by aldosterone was roughly equal to the extra excretion of po- 


. tassium +hydrion, whilst in the other, and in both on M, it was obviously 


greater, and chloride excretion was reduced. 
After cortisol injection sodium excretion behaved in much the same 
way as after aldosterone, except that in M the fall in excretion was delayed. 
The potassium excretion rose to very high levels, but hydrion excretion 
27-2 
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was similar to or below that in control experiments. Chloride excretion 
appears to have decreased in subject M. 

A single injection of cortisol given to subject T in the afternoon led to 
closely similar alterations in electrolyte excretion; the mean values are 
shown in Table 3. 


Subject M Subject T Subject W 


x 
300 + 
200 + 


Urinary excretion (wequiv/min) 


8 10 8 10 12 8 10 
Time (hr) 
Fig. 1. Morning experiments, steroid injection on waking, about 07.00—08.00 hr. 
Excretion of chloride, sodium, potassium and hydrion during each succeeding 
hour A—— A, mean of two experiments without injection. O —--—-——O, mean of 
two experiments with cortisol injection. @——-@®, individual experiments with 
_ aldosterone injection. Initial values for subjects M and T represent mean excretion 
during the night, subsequent points for all subjects are plotted at the mid times 


of collection periods, 
Creatinine excretion 


Creatinine excretion was measured in all experiments. There were no 
regular nor significant differences between the outputs in experiments 
without or with aldosterone or cortisol injection (Table 2), nor did exami- 
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nation of the output in successive hours after either steroid suggest that 


creatinine excretion was altered by either. 


TABLE 2. Mean creatinine excretion between 13.00 and 17.00 hr in afternoon experiments, 
and between 08.00 (subject *) or 07.00 (subjects M and W) and 12.00 hr in morning 


experiments 
Creatinine excretion (mg/min) 
Subject Time Control Aldosterone Cortisol 
M Afternoon 1-18 1-27 _— 
T Afternoon 1-06 1-10 1-13 
Ww Afternoon 1-22 1-26 
M Morning 1-22 «+140 1:37 
Morning 1-07 1-17 1-18 
WwW Morning 1-46 1-42 1-29 
DISCUSSION 


_ The present paper extends our findings on the actions of aldosterone 
and cortisol to control backgrounds where excretion of sodium, potassium 


-and chloride is high, and of hydrion negative. The mean results of the 


present and previous paper are summarized in Table 3. An increased 
excretion of hydrion was a more notable consequence of aldosterone 
injection when the acid output was spontaneously low, in the recumbent 
subject. Aldosterone was also capable of raising potassium excretion 
above the high level characteristic of the morning (subject M). It also 
appears that in the recumbent subject, when the sodium excretion is very 
high, the sodium retention induced by aldosterone may be much greater 
than the extra excretion of other cations. In these circumstances chloride 
excretion falls in parallel with that of sodium. Sodium retention thus 
always follows aldosterone injection ; but it is to some extent unpredictable 
whether this will be associated with extra excretion of potassium or of 
hydrion, or diminished excretion of chloride. 

The differences between the effects of cortisol and aldosterone which 
we previously suggested have been amply confirmed. In the doses used 
cortisol caused a similar or rather smaller sodium retention, but the high 
excretion of potassium after cortisol injection was far above the levels 
ever induced by aldosterone. In addition, cortisol differed from aldosterone 
in that it never increased, and commonly decreased, hydrion excretion. 

The literature upon acute effects of aldosterone and cortisol injection 
has been discussed in our earlier paper (Mills et al. 1960a). No workers 
report full calculation of hydrion output, but in other respects published 
reports are in conformity with our own. When sodium excretion is large, 
aldosterone usually reduces it by an amount greater than the increase in 
potassium excretion (Ross & Bethune, 1959; Ross, Reddy, Rivera & 
Thorn, 1959); and a diminished chloride excretion, similar to that which 
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we observed, has been reported in one subject by Muller, Mach & Naegeli 
(1955). A large excretion of potassium after cortisol injection has been 
reported by Raisz, McNeely, Saxon & Rosenbaum (1957) in two subjects, 
and by Dingman, Finkenstaedt, Laidlaw, Renold, Jenkins, Merrill & 
Thorn (1958) in three subjects. 

There are four principal means, known or proposed, whereby sodium 
excretion may diminish: a fall in the amount filtered, usually due to 
diminishing filtered volume; increased reabsorption in association with 
anion, largely chloride; ion exchange for potassium in the distal tubule 
(Berliner, Kennedy & Hilton, 1950) or in the collecting ducts (Sullivan, 
Wilde & Malvin, 1960); and ion exchange for hydrion, in the distal tubule 
(Pitts & Alexander, 1945) or in the collecting ducts (Ullrich, 1959; Sullivan 
et al. 1960). Cortisol often increases G.F.R. (Raisz et al. 1957; Mills & 
Thomas, 1958; Mills e¢ al. 1960a). This is probably the cause of the 
occasional reported rise of sodium and chloride excretion, as suggested 
by Laidlaw, Dingman, Arons, Finkenstaedt & Thorn (1955), whilst the 
more usual fall in excretion must be due to increased tubular reabsorption. 
We have been unable to find, either in our previous experiments (Mills 
et al. 1960a), in the creatinine outputs here reported, or in the work of 
others, any evidence that aldosterone has any consistent effect upon 
G.F.R.; it therefore probably lowers sodium excretion by increased tubular 
reabsorption. 

The figures assembled in Table 3 support the hypothesis tentatively 
advanced in our earlier paper, that aldosterone exerts its primary effect 
upon a variety of mechanisms of sodium reabsorption, since the common 
finding in all the circumstances tabulated is the sodium retention. Two 
principal processes may be involved (Pitts, 1952). When sodium output 
is large, it seems that the extra reabsorption is mainly in association with 
chloride. This is known to operate in the proximal tubule, where sodium is 
actively reabsorbed (Oken, Whittembury, Windhager, Schatzmann & 
Solomon, 1959) and chloride follows passively (Giebisch & Windhager, 
1959). The same may operate further down the nephron, and there is at 
_ present no evidence enabling us to locate, within the nephron, the action 
of aldosterone on sodium reabsorption in association with anion. The 
second reabsorptive mechanism, ion exchange of sodium for other cation 
in the distal tubule or collecting duct, appears to be the only one affected 
by aldosterone when sodium excretion is low, as at night; it is however 
also involved in the action of aldosterone when sodium excretion is high. 
_ Edmonds & Wilson (1960) produced evidence that fludrocortisone, which 
is said to act in the same manner as aldosterone, also promotes sodium 
reabsorption by these two distinct mechanisms. We cannot profitably 
speculate what directs the ion exchange towards hydrion or potassium 
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in preference, although it is not surprising that hydrion usually plays a 
major part in the ion exchange process when its excretion is initially low, 
and a minor part when its excrétion is initially high. 

In marked contrast to aldosterone, cortisol seems to stimulate primarily 
the Na = K exchange, and the Na = H exchange may suffer by competi- 
tion. Urines with a pH of 7-5 and 7-6 have been produced on two occasions 
after cortisol injection. Such urinary alkalinity strengthens the argument 
of our previous paper (Mills et al. 1960a), that the low hydrion excretion 
after cortisol is not only due to lack of urinary buffer. 

Further techniques are necessary to establish which ion transport 
mechanisms are primarily affected by steroids. It appears, however, 
that Na = K _ exchange is specifically stimulated by cortisol, whereas 
aldosterone stimulates all three suggested mechanisms of sodium re- 
absorption, in association with chloride, in exchange for — and 
in exchange for hydrion. 

SUMMARY 

1, Electrolyte excretion has been measured in wahieots recumbent 
either from waking in the morning until midday, or from 13.00 to 17.00 hr, 
with or without intravenous injection of aldosterone or cortisol. 

2. Sodium, and usually chloride, excretion were greatly reduced by 
aldosterone, in the morning and the afternoon. 

3. Potassium excretion was moderately increased by aldosterone in 
the afternoon, and in one of three subjects in the morning. 

4. Hydrion excretion, which was low in control experiments at both 
times of day, usually rose considerably after aldosterone injection. 

5. After cortisol injection potassium excretion was consistently in- 
creased, sodium-and hydrion excretion less consistently diminished, and 
chloride excretion little affected. 

6. The observations accord with the hypothesis that aldosterone exerts 


its primary action upon reabsorption of sodium either in association with 


anion such as chloride, or by cation exchange with potassium or hydrion, 
or by a combination of these mechanisms; cortisol, by contrast, appears 
to promote mainly the Na = K exchange mechanism. 

We wish to thank the Medical Research Council for a grant for technical assistance to 
J.N.M. and for a Research Training Scholarship to K.S.W.; Dr C. D. Falconer, of Ciba 


Laboratories, Horsham, for supplies of aldosterone; and Miss 8. C. Reid for technical 
assistance, 
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THE RELEASE OF ADRENALINE AND NORADRENALINE 
FROM THE ADRENAL GLANDS OF THE FOETAL SHEEP 


By R. S. COMLINE anp MARIAN SILVER 
Physiological Laboratory, University of Cambridge 


(Received 26 September 1960) 


The adrenal medulla of some foetal and new-born animals contains a 
disproportionately large amount of noradrenaline when compared with 
that of the adult (Shepherd & West, 1951, Hékfelt, 1952). This difference 
does not occur invariably and may be related to the degree of development 
of the sympathetic system in different species. Thus, in the rabbit, which 
has a high noradrenaline content in the adrenal medulla at birth, auto- 
nomic nervous control of the circulation is not developed at this stage 
(Bauer, 1938; Dawes, Handler’ & Mott, 1957). A similar relationship 
between a relatively inefficient sympathetic system and a high medullary © 
noradrenaline content appears to be present in the calf (Holton, 1951; 
Comline & Titchen, 1951; Silver, 1954). In the lamb, on the other hand, 
maturation of the sympathetic system, as gauged by the gradual increase 
in the magnitude of the foetal blood pressure and its response to asphyxia, 
appears to occur during the latter part of foetal development and not after 
birth (Born, Dawes & Mott, 1956). 

These observations do not, however, provide any information on the 
potential activity of the foetal adrenal medulla, nor do they give any 
direct evidence on whether a high concentration of noradrenaline within 
the glands of foetal and new-born animals can in fact be released by a 
stimulus such as asphyxia. Indeed, Silver (1960) found that in the 
young calf the proportions of adrenaline and noradrenaline released 
into the adrenal effluent blood by splanchnic nerve stimulation did not 
conform in any consistent manner to the percentage of either amine 
stored in the glands. 

In the experiments reported here, the concentrations of adrenaline 
and noradrenaline in the adrenal effluent blood of the sheep foetus have | 
been estimated and the output during asphyxia compared with that during 
stimulation of the splanchnic nerves; the results have also been compared 
with those obtained in the lamb and in the adult. A short account of the 


_ preliminary experiments has been — previously (Comline & 
Silver, 1958). 
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METHODS 
Animals 
Welsh Mountain and Border Leicester sheep and lambs were used in these experiments. 
In the pregnant animals the date of service was known, and foetuses were used from the 


80th day of gestation until term (147+3 days). An additional check on foetal age was 
afforded by measurements of foetal body weight and adrenal weight. 


Preparation 

Lambs and adult sheep. Anaesthesia was induced and maintained by the intravenous 
injection of sodium pentobarbitone (Nembutal, Abbott Laboratories). Effluent blood was 
collected from the left adrenal gland, which was exposed by an incision through the abdo- 
minal wall parallel to the last rib; thereafter the preparation, cannulation and collection of 
the adrenal effluent blood was similar to that described for the calf (Silver, 1960). Between 
samplings the adrenal venous blood was returned through a Murphy drip chamber connected 
to the cannula in the femoral vein. 

Foetal lambs, The uterus was exposed by a mid line abdominal incision along the tinea 
alba. The foetus was removed from it and placed on a palette-shaped board immediately 
above the abdomen. With this procedure the umbilical cord lay in the cleft of the palette 
and was thereby protected from stretch or trauma during the subsequent dissection and 
experimental procedures. The foetus was covered with thick gauze pads to avoid undue heat 
loss. Throughout the experiment a mixture of 95% O, and 5% CO, was given to the ewe 
at the rate of 2 1./min through a side tube in the tracheal cannula. A mask was placed over 
the nose of the foetus immediately after removal from the uterus and a clamped cannula 
filled with warm NaCl solution (0-9 g/100 ml.) was inserted into the trachea as quickly as 
possible to prevent any effective respiration. When required, intravenous injections were 
given to the foetus through a cannula in the jugular vein; blood pressure was recorded with 
a small bore mercury manometer from the carotid artery. Coagulation of the blood was 


_ prevented by the intravenous injection of heparin (1000 i.u./kg). 


The method of collecting venous blood from the left adrenal gland was siietatty similar 
to that in the adult. After removal of the left kidney, the adrenal effluent blood was 
diverted backwards into the cannulated left renal vein by curved forceps clamped across 
the junction of the renal vein with the vena cava. A return circuit for the adrenal effluent 
blood to the general circulation was not practicable in the foetus; the forceps were therefore 
placed in position just before the collection of adrenal venous blood and removed immedi- 
ately afterwards. This method allowed several samples to be taken without undue blood loss. 

Splanchnic nerves. Ligatures were placed round the two main branches of the left 
splanchnic nerve before they were cut close to the point at which they emerged from 
under the diaphragm. In those experiments in which complete denervation of the adrenal 
was required, any other branches of the splanchnic plexus which appeared to supply the 
adrenal gland were cauterized, and at the end of the experiment the area was carefully 
examined for any small fibres of the splanchnic nerves which remained intact. 

Stimulation of the peripheral ends of the left splanchnic nerves was carried out by means 
of a Palmer induction coil (frequency ca. 80/sec). The stimulus strength was always adjusted 
to give a maximal increase in blood pressure. In foetal lambs between 80 and 105 days 
the splanchnie nerves were very short and fragile and therefore the left adrenal gland was . 
stimulated directly by placing the electrodes across its dorsal and ventral surfaces. At 
115 days both methods of stimulation were used. 

Hexamethonium (‘Vegolysen’; May & Baker) was injected intravenously into foetal 
lambs only, at a dose of 10 mg/kg and, when possible, the degree of transmission failure in 
the adrenal medulla was checked by measuring pressor amine output during splanchnic 
nerve stimulation before and after its administration. 
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Pithing and spinal cord transection in foetal lambs. Pithing was carried out after removal 
of the dorsal arches of the last two or three lumbar vertebrae to allow the insertion of a 
probe which was passed up the centre of the spinal cord until flexion of the forelimbs ceased ; 
this was taken to indicate the destruction of the spinal cord at least to the level of the sixth 
cervical vertebra. 

Transection of the spinal cord was carried out in the atlantoccipital space in foetal and 
new-born lambs. The cord was exposed and a loose ligature placed round it, care being taken 
to avoid damage to the venous sinuses during this procedure. Subsequent tying of the liga- 
ture and section of the cord was carried out about 10 min before subjecting the foetus to 
asphyxia. The efficacy of all these procedures was checked at the end of the experiment. 

Asphyzxia. In the foetus this was induced by ligation of the umbilical cord. The onset of 
asphyxia, was rapid, and samples were collected 15 sec—1 min later according to the rate 
of blood flow through the gland. 

In the adult sheep and young lambs asphyxia was induced by allowing the animal to 
rebreathe from a balloon filled with N, attached to the end of the tracheal cannula. Since 
these animals were used for comparison with the foetus no attempt was made to separate 
the effects of anoxia from those of hypercapnia. The blood samples were collected from 
2 min after the onset of asphyxia for a further 2-3 min, depending on the degree of circula- 
tory failure. In the majority of experiments the animal was revived with O, until the blood 
pressure returned to normal. A further period of at least 20 min without additional O, 
was allowed before repetition of the asphyxia. 

Adrenal glands. In lambs and non-pregnant adult sheep the adrenal glands were removed 
at the end of the experiment, i.e. about 1-2 hr after the onset of anaesthesia. The right 
adrenal glands were used for the estimation of adrenaline and noradrenaline, and were 
removed only from animals which had been used for stimulation of the left adrenal gland 
by the splanchnic nerves; glands were not used from animals which had been subjected to 
or allowed to die from prolonged asphyxia. 

Estimations of pressor amine content were made in two series of adrenal glands from foetal 
lambs and pregnant ewes of the Welsh breed. In series 1, during the 1956 breeding season, the 
foetal adrenal glands were removed after death from asphyxia, since no other animals were 
available ; the right maternal glands were taken about 2hr later, after an experiment involving 
stimulation of the left splanchnic nerve, i.e. 3-4 hr from the induction of anaesthesia. In 
series 2, twelve foetuses aged from 80 to 144 days were used during 1959 and 1960 solely for 
the collection of foetal adrenal glands for the estimation of their adrenaline and noradrenaline 
content. In these animals both adrenal glands were removed with the minimum degree of 
disturbance or operative trauma within 30-50 min from induction. of anaesthesia in the ewe ; 
adrenalectomy in the ewe was performed immediately afterwards. All adrenals were weighed 
and immediately ground with sand and 0-1N-HCl (10 ml. acid/g whole adrenal). 

Adrenal effluent blood samples, In the lambs and adult sheep 10-15 ml. blood was usually 
collected in 2-3 min according to the rate of blood flow; in any one animal the sampling 
period was. kept constant. In the foetal lambs the rate of blood flow from the adrenal gland 
was slow, and the amount collected and the sampling time varied with age. Where possible 
3-5 ml. was collected over a 5 min period, but in the 80-100 day animals only 1-3 ml. was 
generally obtained after 10-15 min. Between 105 and 125 days 5 ml. blood could usually 
be collected within 5-10 min, and thereafter a 5 min sampling period was employed. The 
blood flow increased during asphyxia, and under these conditions the sampling period for 
80-105 day foetuses was 10 min; with the older foetuses it could be reduced to a 5 min. 
period, and after birth 2 min was allowed for the collection of each sample. 

Polythene or nylon tubing and siliconed glassware were used throughout; the blood was 
collected in ice-cold vessels and immediately centrifuged on ice. Samples collected from 
lambs and adult sheep yielded 3-5 ml. plasma for pressor amine extraction, while the 
amount of plasma available from the foetal blood: samples varied from 0-25 to 2-5 ml. 
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Adrenaline and noradrenaline estimation. The method of extraction of the plasma and 
adrenal tissue was the same as that described previously (Silver, 1960), with the chromato- 
graphic procedure developed by Crawford & Outschoorn (1951) and Vogt (1952) for the 
separation of the amines. They were then estimated either by biological assay, from the 
blood pressure response of the anaesthetized rat (Outschoorn, 1952), or by fiuorimetry by 
the method of von Euler & Floding (1955). Good agreement between these two methods 
has already been reported (Silver, 1960). Owing to the low pressor amine content of some of 
the foetal adrenal blood samples, more stringent precautions had to be taken to reduce 
extraneous fluorescence in the plasma. Blank fluorescence of control plasma samples (con- 
taining no adrenaline or noradrenaline) was reduced by using freshly distilled phenol for 
_ chromatography and redistilled A. R. quality benzene for washing the chromatograms free 
from all trace of phenol, and by omitting ascorbic acid from the eluting fluid (NaH,PO, 
0-4 g/100 ml.). It was found unnecessary to concentrate the eluates by evaporation for 
estimation by fluorimetry; the samples were therefore made up to a standard volume and 
those which contained more than 0-5 yg of either amine were stored at — 20° C for periods 
varying from a few days to 2-3 weeks; no losses were detected during this period. Samples 
containing smaller quantities of amine were estimated as soon as possible after elution, 
since storage for more than a few days sometimes resulted in loss of activity. The effect 
of control plasma eluates on the development of fluorescence in standard adrenaline and 
noradrenaline solutions was always checked. The amount of adrenaline and noradrenaline 
in all samples are expressed as the base and not as the salt. 


RESULTS 
Adrenaline and noradrenaline in the adrenal glands 


Foetal lambs. A rise in the percentage of adrenaline in the adrenal glands 
of the lamb during foetal development has already been reported (Comline 
& Silver, 1958). This rise was due to a marked increase in the total amount 
of adrenaline in the glands during late pregnancy with little change in 
noradrenaline content. In these experiments adrenal glands for estimation 
were taken from animals which had been subjected to prolonged asphyxia, 
since no other material was available. Wide variations in content were 
encountered, and in view of the marked pressor amine discharge, particu- 
larly of noradrenaline, which occurs under these conditions (Comline & 
Silver, 1958) as well as the possibility of a slow depletion during anaes- 
thesia (Elmes & Jefferson, 1942), a further series of animals were used in 
which interference in any form was kept to a minimum. When the results 
of both sets of experiments are compared (Table 1) it can be seen that the 
foetal adrenal glands removed after minimum trauma contained approxi- 
mately twice as much adrenaline and three times as much noradrenaline 
per gram of tissue as the corresponding glands removed after asphyxia; 
consequently the percentage of adrenaline no longer increased with age, 
but declined from 80 days until 120 days, and subsequently rose and 
reached 58 % near term. 

The total amounts of adrenaline and noradrenaline contained in the 
glands also differed considerably in the two series (Fig.1); after asphyxia 
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(a) the amounts of both amines were considerably lower at all ages than in 
the animals in which interference was kept to a minimum (6). Further- 
more, in the latter there was a rapid increase in the noradrenaline content 
between 80 and 110 days which was barely evident after asphyxia. On 
the other hand, the major rise in adrenaline content occurred towards the 
end of pregnancy in both groups of animals. 


TABLE 1. The concentration of adrenaline (Ad) and noradrenaline (NAd) in foetal adrenal 
glands removed either after a minimum period of anaesthesia or after death of the foetus 
from asphyxia 


After asphyxia After minimum anaesthesia 
Mean concn. : Mean concn. 
Foetal (mg/g adrenal) Mean % (mg/g adrenal) Mean %, 
age No. of adrenal. No.of adrenal- 
(days) animals Ad NAd ine animals Ad NAd ine 
80-90 4 0-22 0-27 45 2 0-55 )-41 52 
100-105 4 0-28 0-30 48 3 0-83 0-90 47 
116-124 2 0-36 0-32 53 2 0-70 
132-137 3 0-56 0-33 63 3 1-0 1-03 49 
142-144 2 0-66 0-28 70 2 0-85 0-67 58 


- The values for the pressor amine content of glands from animals of the 
same age were by no means uniform, even when stringent precautions 
were taken to keep the conditions for adrenalectomy constant. However, 
the content of the right and left adrenal glands in any one animal was 
always similar and the differences between animals could only be ascribed 
- to individual variations. Throughout pregnancy no relation could be found 
between the weights of the foetal adrenal glands and the amounts of 
either adrenaline or noradrenaline contained within them. Thus, at term, 
the abrupt increase in the weight of the foetal glands (Fig. 1) was not — 
accompanied by any comparable changes in content; it was, therefore, 
ascribed to growth of the adrenal cortex rather than the medulla. 

Lambs and adult sheep. In the lambs and non-pregnant sheep the values 
for pressor amine concentration, given in Table 2, were obtained from the 
right adrenal glands removed 1-2 hr after the induction of anaesthesia in 
experiments during which the left splanchnic nerve and adrenal glands 
were stimulated ; consequently some depletion of the right adrenal glands 
may have occurred and the figures are not, therefore, entirely comparable } 
with those from either series of foetuses. Although the total amounts of 
both amines increased with age, no marked changes were found either in 
their concentrations or in the percentage of adrenaline after birth, and in 
this species it is clear that the major changes occur in the foetus. 

In the pregnant animals the conditions of the experiments were different 
in the two groups. In series 1 the right adrenal gland was removed for 
assay 3-4 hr after induction of anaesthesia; during this time the foetus 
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had been removed and subsequently the left maternal adrenal gland 
stimulated through the splanchnic nerve. In these preparations the con- 


centration of both pressor amines was very low. In series 2, however, the 


Adrenal gland weight (mg wet tissue) 


160 (b) (49) (58) 


Pressor amine content of adrenal glands (ug/gland) 


80 9 100 110 120 130 140 3 
Foetal age (days) 


Fig. 1. The change in weight (above) and total pressor amine content (below) of the 
foetal adrenal glands of the lamb with age: @, noradrénaline; 1, adrenaline; 
% adrenaline in parentheses above each histogram. Adrenals removed (a) after 
death of lambs from asphyxia, (b) after minimum! duration of anaesthesia. 
P, parturition. 
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maternal adrenal glands were removed after 40-60 min of anaesthesia, 
i.e. immediately after foetal adrenalectomy. The differences between the 
adrenaline and noradrenaline concentrations in the two groups after the 
different experimental treatments (Table 2) resemble those found in the 
foetus (Table 1). In both the foetus and the ewe the noradrenaline content 
was much lower after prolonged anaesthesia and more rigorous experi- 
mental treatment, and consequently the percentage of adrenaline in the 
adrenal glands was higher. . 
TABLE 2. Adrenaline and noradrenaline concentration in the adrenal glands 
of lambs and adult sheep 


Mean pressor amine 
concentration (mg/g whole 


nal tissue) 
No. of r Mean % 
Age animals Adrenaline adrenaline 
Lambs 
0-2 weeks 4 0-47 0-23 67 
7-8 weeks 4 0-61. 0-28 69 
Adults 
Non-pregnant 4 0-72 0-29 71 
Pregnant 
Series 1 (16 0-46 0-08 85 
Series 2 6 0-87 0-29. 75 


TaBLe 3. Resting output of pressor amines from the adrenal glands of sheep during pre- 
and post-natal life; splanchnic nerves cut 15-30 min before sampling 


Mean rate of output (ug/min) 


No. of r A ~ Mean % 
Age animals Adrenaline Noradrenaline adrenaline 
Foetus 
80-90 days 8 0-025 0-033 43 
100-105 days 6 0-019 0-017 53 
115 days 2 0-026 0-040 40 
126-134 days 4 0-019 0-042 31 
137-146 days 4 0-026 0-027 51 
Lamb 1 week 2 0-080 0-046 64 
2-6 weeks 3 0-106 0-054 66 
Adult 
Non-pregnant 4 0-408 0-185 69 
Pregnant (series 1) 8 0-175 0-079 69 


Resting output of adrenaline and noradrenaline 


The rate at which adrenaline and noradrenaline were released from 
the adrenal glands after section of the splanchnic nerves in the absence of 
any stimulus was low and very variable at all ages. The data summarized 
in Table 3 show that the proportion of adrenaline in the foetus was lower 
than after birth, as might be expected from the proportions of the two 
amines stored in the gland. After birth, there was little change in the 
proportions of the two amines secreted, although the absolute levels of 
both increased with age. During pregnancy smaller amounts of both 
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amines were released compared with the non-pregnant animal, but the 
results were obtained from the group of animals in which the pressor amine 
content of the glands was very low (Table 2, series 1). 


Response of the adrenal medulla to splanchnic nerve stimulation 


Lambs and adult sheep. The rate at which adrenaline and noradrenaline 
were secreted in response to splanchnic nerve stimulation was estimated 
in lambs from birth to 3 weeks, at 7-8 weeks of age, and in pregnant and 
non-pregnant adult animals. The results (Table 4) show that, as with the 
content of the adrenal gland, the output increased with the age and size of 
the glands and that there was no obvious change in the percentage of 
adrenaline secreted between birth and maturity. In the pregnant animals © 


TABLE 4, Rate of output of pressor amines from the adrenal glands of lambs and adult 
sheep during 2 min stimulation of the peripheral ends of the splanchnic nerves 


Mean rate of pressor 
- amine output (ug/min) Mean % adrenaline 


Mean 
| No. of adrenal Noradrenal- — in in 
Age animals wt. (g) Adrenaline ine effluent glands 
Lamb 
New-born 5 0-32 0-85 0-58 aa 67 
1-3 weeks 4 0-36 1-92 0-98 66 
7-8 weeks 3 0-73 4-90 3-70 58 69 
Adult 
Non- -pregnant 6 1-9 8-38 4-20 66 71 
Pregnant | 
(series 1) 
80-140 days 18 2-1 4-04 1-29 76 86 
142 days-term 4 2-5 9-91 3°94 72 83 


used the response to splanchnic nerve stimulation was smaller between 
80 and 140 days, and the percentage of adrenaline secreted higher, than in 
the non-pregnant animals, but the output of both amines returned to the 
non-pregnant levels at or near term. These results were, however, obtained 
from the glands of pregnant ewes (series 1) which had a low content of 
pressor amines in the adrenal gland. 

Foetal lambs. The output of adrenaline and noradrenaline in response 
to stimulation was measured in foetal lambs from 80 days until the end of 
pregnancy. Before 115 days the surface of the gland: was stimulated by 
direct application of the electrodes, thereafter they were applied to the 
peripheral end of the cut splanchnic nerve. The results (Fig. 2) show that 
the foetal adrenal medulla responded to stimulation in two distinct phases, 
according to the maturity of the animal. During the first phase, which 
lasted until about 125 days, the rate of output was very low, only 2-3 times 
that of the resting level and more noradrenaline than adrenaline was 


released. An analysis of the individual observations showed that this 
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difference was statistically significant (P < 0-001). From about 125 days 
until term the rate of release of the two amines on splanchnic nerve stimu- 
lation rose sharply (Fig. 2), and after 134 days the output of adrenaline 
was significantly higher than that of noradrenaline (p < 0-01). 
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Fig. 2. The change in the rate of output of adrenaline (O), and noradrenaline (@) 
from the left adrenal gland of the foetal lamb with age, during stimulation, either 
of the surface of the gland (80-105 days) or of the peripheral ends of the cut splan- 

_ chnic nerves (115 days-term). P, parturition. 


These two phases could not be accounted for by the different positions of 
the electrodes, since direct stimulation of the surface of the glands was only 
used in foetuses between 80 and 105 days. Furthermore, when the efficiency 
of the two positions was compared in the same animal, in foetuses at 115 days 
of pregnancy (Fig. 3), it was found that stimulation of the splanchnic 
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_ nerves released only 0-095 ug noradrenaline and 0-03 yg adrenaline/min 
at this age, while 0-177 ug noradrenaline and 0-065 ug adrenaline/min 
were secreted when the surface of the glands was stimulated directly. 

The sudden change in the rate of adrenaline and noradrenaline output in 
response to splanchnic nerve stimulation at about 125 days was not 
accompanied by any corresponding change in the weight of the adrenal 
glands or in their pressor amine content. It seemed probable, therefore, 
that the increased efficiency of this form of stimulus in late pregnancy was 
due to the development of the innervation of the adrenal medulla during 
this period: this possibility was tested with hexamethonium. 
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Fig. 3. The effect of hexamethonium (10 mg/kg I.v.) on the rate of pressor amine 

output from the left adrenal gland during (a) direct, surface, or (b) splanchnic nerve 

stimulation in the foetal lamb. Mean rate of output at rest [1 ; during stimulation 

before (ff), and after (7) hexamethonium. Number of observations given in 
_ parentheses. 


The effect of hexamethonium. This was examined only in the foetal 
lamb and not in animals after birth. The conditions of the experiments 
including the method of application of the electrodes were the same as 
in those described above. : 

Hexamethonium abolished the increasing effect of splanchnic nerve 
stimulation on the adrenal medulla which occurred in foetuses older than 
125 days. Figure 3 shows that in these animals, the rate of output of both 
amines in response to stimulation was reduced to about twice the resting 
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level of secretion. In foetuses from 80 to 115 days of age when very small 
amounts of adrenaline or noradrenaline were released on stimulation, 
hexamethonium had little effect. However, when the output of either or 
both amines increased, i.e. at 115 days, injection of hexamethonium 
again reduced the response to about twice the resting level of secretion. 

The intravenous injection of hexamethonium into the foetus usually 
produced a slight fall in its carotid arterial blood pressure and a decrease in 
heart rate, accompanied by an increase in pulse pressure ; this slight effect 
was not seen in foetuses near term. In all animals, however, the rise in 
arterial blood pressure consequent upon stimulation of the splanchnic 
nerves was abolished after hexamethonium. These results, therefore, con- 
firmed that, in the foetal lambs, the functional innervation of the adrenal 
medulla from the splanchnic nerves develops during the last 20 days of 
pregnancy. 

| | Response of the adrenal medulla to asphyxia | 

Lambs and adult sheep. The effect of asphyxia on the output of adrenal- 
ine and noradrenaline from the adrenal gland was examined in lambs from 
5 to 8 weeks of age and in non-pregnant adult sheep. During the first 
minute of asphyxia little change in the concentration of either amine in 
the adrenal effluent blood was detectable; in the second minute the results 
were variable and the greater part of the response of the adrenal medulla 
to asphyxia occurred after 2 min. This confirms the delay in the asphyxial 
discharge reported by Celander (1954) for the cat adrenal gland. Routine 
samples for comparison were therefore taken between 2 and 4 min after 
the onset of asphyxia. 


TaBLe 5. Rate of output of pressor amines during asphyxia in the 2-3 month old lamb and 
adult sheep; duration of sampling, 2 min, begun 14-2 min after the onset of rebreathing N, 


Mean rate of amine output 


: (ug/min) 
No. of Splanchnic ¢ A. Mean % 
animals nerves Adrenaline Noradrenaline adrenaline 
Lamb 4 Intact 6-62 3°50 65 
3 Cut 0-44 0-41 52 
Adult es Intact 12-6 5-50 70 
4 Cut 1-88 0-46 80 


The rate of output of adrenaline and noradrenaline during asphyxia 
(Table 5) was slightly higher than during stimulation of the peripheral 
end of the cut splanchnic nerve, but similar proportions of the two 
amines were released by the two types of stimuli. 

After section of the splanchnic nerves the output of both adrenaline and 
noradrenaline during asphyxia decreased to only about 10 % of the previous 
levels. ‘These results indicate that in lambs and adult sheep asphyxia has 
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mediated almost entirely through the splanchnic nerves. 


the administration of hexamethonium, after destruction of the thoracic 
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little direct effect upon the adrenal medulla and that the response is 


Foetal and newly born lambs. The output of adrenaline and noradrenaline 
during asphyxia was investigated in the foetal lamb from 80 days until 
near term, i.e. between 146 and 148 days, and also in lambs 1-5 days after 
birth. 

The onset of asphyxia in the foetus, after tying the umbilical cord, was 
much more rapid than in the new-born lamb or the adult. The cardio- 
vascular changes. which occur after occlusion of the umbilical cord in the 
sheep foetus at different ages have been described by Dawes, Mott & 
Shelley (1959); similar results were found in the present series of experi- 
ments. The most characteristic feature of the circulatory changes during 
asphyxia, namely, the sudden appearance of a slow carotid pulse, which 
was not changed by atropine or by section of the vagus nerves, occurred 
not only in all foetuses but also in lambs a few days after birth. The pulse 
pressure varied from 10 mm in the young apices! to.20-30 mm in ani- 
mals near term or after birth. 

The effect of asphyxia on the output of adrenaline and noradrenaline - 
from the adrenal medulla was examined with the splanchnic nerves intact 
and after they had been cut. Its effect was also investigated in foetuses after 


and lumbar part of the spinal cord by pithing, and after transection of 
the spinal cord at C1. 

With intact splanchnic nerves. The rates of ahs of noradrenaline and 
adrenaline from the adrenal glands of the foetal lamb during asphyxia are 
shown in Fig. 4a. Adrenaline secretion closely resembled that induced by 
stimulation of the splanchnic nerves at different stages of foetal develop- 
ment. Thus the rate of output was low until about 125-130 days and then 
rose abruptly during the last 20 days of pregnancy. 

Noradrenaline, however, showed quite a different pattern of secretion. 
The rate of output increased gradually from 80 days until term, and the 
sharp rise at about 125 days, found on stimulation of the splanchnic 
nerves, was absent, owing to the much greater response to asphyxia in 
foetuses from 100 days of age. These differences between the effect. of 
asphyxia and the effect of splanchnic nerve stimulation on the discharge 
from the adrenal medulla are shown most clearly in Fig. 5. The results 
have been plotted in arbitrary groups according to age, so that. mean 
figures for output and percentage adrenaline in several series of experi- 
ments can be compared at different stages of development. 

Asphyxia (Fig. 5c) appeared to be a more effective stimulus for the 
discharge of both amines than stimulation of the cut splanchnic nerves 
(Fig. 5e), but while the rate of adrenaline secretion was only about 


5 
i 
q 
q 


436 R. 8. COMLINE AND MARIAN SILVER 


20° higher during asphyxia, the output of noradrenaline was 3-4 times 
greater than during a comparable period of splanchnic nerve stimulation. 
As a result the percentage of adrenaline in the effluent blood during 
asphyxia (Fig. 5c) was considerably lower in all groups than during 
splanchnic nerve stimulation (Fig. 5¢) and bore little relation to the corre- 
sponding figures for the percentage of adrenaline in the adrenal glands of 
either asphyxiated or control animals (Figs. 1 and 5a). 
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Fig. 4. ‘The changes in the rate of adrenaline and noradrenaline output from the 
‘left adrenal gland with age, in foetal and new-born lambs during asphyxia. (a), re 
sponse with intact innervation (@), and after cutting the splanchnic nerves (QO); 
(b), response after spinal cord transection at C1 (™), after hexamethonium (9), 
and after pithing spinal cord (A). P, parturition. 


After section of the splanchnic nerves. The rates of output of noradrenaline 
and adrenaline during asphyxia under these conditions are again shown in 
Fig. 4a. There was a considerable difference between the levels of secretion 
of the two amines after splanchnic nerve section. 

Adrenaline output at all ages was extremely low, and in foetuses up to 
115 days of age the amounts released were similar to those found during 
stimulation of the surface of the adrenal gland (see Fig. 5b, e). The rate 
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of output increased slightly towards the end of pregnancy but the maxi- 
mum rarely exceeded 0-2 g/min, which represented a decrease of at least 
75% of the amount released from the innervated adrenal gland. 
Noradrenaline secretion during asphyxia after splanchnic nerve section 
was much higher. Until about 120 days the output was indistinguishable 
from that obtained with intact splanchnic nerves; thereafter there was a 
4 slight increase to a maximum of 0-4-0-5 ug/min, which represented at 
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content (ug/g) 
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Fig. 5. Comparison between changes in pressor amine content and rate of output of 
the adrenal glands of foetal lambs under different conditions. [], adrenaline; @, 
noradrenaline; % adrenaline in parentheses. (a), mean total adrenaline and 
A noradrenaline content from glands removed after minimum interference; (bd), 
| mean rate of output from denervated left adrenal gland during asphyxia; (c) mean 

total rate of discharge from innervated gland during asphyxia; (d) response to 
asphyxia which may be attributed to splanchnic nerves, i.e. (c) minus (6); (e) mean 
rate of output during splanchnic nerve stimulation. P, parturition. 


least 50% of the output of the innervated gland. The response to asphyxia 
waned rapidly at the end of pregnancy and immediately after birth, and 
in the first few days of life only about 0-2 ug noradrenaline and 0-1 yg adre- 
naline/min were released from the denervated gland. 

The effect of asphyxia on the foetal adrenal glands was, therefore, very 
different from that in the adult (see Tables 4 and 5). The greatest dis- 
crepancies were due to the high output of noradrenaline in the foetus, 
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which represented a considerable proportion of the total discharge, and 
which appeared to be produced as a result of the direct effect of asphyxia 
upon the cells of the foetal adrenal medulla. The distribution of the 
branches of the splanchnic nerves in the sheep is, however, very variable 
and it could be argued that the residual effect after section of the splanch- 
nic nerves might have been mediated by small nerves which had not 
been cut. If present, such fibres would have to excite, almost specifically, 


noradrenaline-containing cells to give a discharge containing 70-80% of — 


this amine. This possibility was tested by the use of hexamethonium and by 
destruction of the foetal spinal cord, both of which should prevent any effec- 
tive action of the splanchnic or other nerves upon the foetal adrenal medulla. 

Effect of hexamethonium. In some experiments this was injected immedi- 
ately before tying the umbilical cord; in others, in which the effect of 
splanchnic nerve stimulation was tested previously, hexamethonium was 
given 10-20 min before the onset of asphyxia. In either case, irrespective 
of whether the splanchnic nerves were intact or had been cut, the release 
of adrenaline and noradrenaline during asphyxia (Fig. 46) was similar to 
that found with the denervated gland. | 

Effect of spinal cord destruction by pithing. The results for this series of 
animals are given together with those for the preceding section in Fig. 40. 
The adrenal medullary response to asphyxia after destruction of the spinal 
cord was identical with that obtained after hexamethonium and splanchnic 
nerve section, with the same high rate of noradrenaline secretion between 
105 and 140 days and only a slight increase in adrenaline secretion over this 
period. 

Effect of spinal cord transection at C1. This was carried out on foetuses 
from 125 days until term, i.e. during the period in which the effect of the 
nervous component in the response to asphyxia became evident. At 
these ages the procedure caused a considerable sympathetic discharge; 
accordingly the preparation was left for 5-10 min before ligature of the 
umbilical cord. The results, given in Fig. 4b, show that after transection 
of the spinal cord at this level the rate of output of both adrenaline 
and noradrenaline during asphyxia was indistinguishable from that in the 
normal foetus. Comparison of the results with those obtained after destruc- 
tion of the spinal cord shows the importance of the spinal centres in this 
response. 


DISCUSSION 
Release of adrenaline and noradrenaline from the adrenal medulla 


The experiments described in this paper show that the response of the 
foetal adrenal medulla to asphyxia is, in part, independent of its nerve 
supply. The most characteristic feature of this response was the very high 
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proportion of noradrenaline released, which amounted to about 80 %, 
and which bore no relation to the proportion found in the adrenal glands. 
The alternative explanation, that this residual component might be medi- 
ated by small nerve fibres which do not course with the main splanchnic 
nerves, and which had thus escaped section, is entirely unsupported by the 
evidence. The similarity of the response after splanchnic nerve section to 
that obtained after hexamethonium or after destruction of the spinal cord, 
and its presence early in foetal life, all point to the adrenal medulla itself 
as the site of the sensitive elements which are directly affected by asphyxia. 

The foetal adrenal medulla, therefore, differed from that of the lamb and 
adult sheep, in which the response to asphyxia after splanchnic nerve 
section was only 1/10th of that found with the nerves intact and showed 
no predominant output of noradrenaline. The presence of a non-nervous 
response to asphyxia in the adult was first reported by Biilbring, Burn & 
de Elio (1948) using the perfused adrenal gland of the dog, but no further 
analysis of the phenomenon appears to have been made, although Vogt — 
(1952) observed a slight increase in output of both amines from the 
denervated glands of a cat during asphyxia. 

In the foetus a detailed study of the properties of the cells of the adrenal 
medulla, or of the nature of the stimulus, provided by asphyxia; which 
elicits the direct response, has not been undertaken. The predominance 
of the response before a functional nerve supply to the gland could be 
detected, and its subsequent decay as this developed, suggested that lack 
of innervation might be one of the contributory factors. The phenomenon 
appears to be analogous to that shown by phaeochromocytoma. Most of 
these tumours have a high noradrenaline content and release it either 
spasmodically or continuously (Holton, 1949; Goldenberg, 1951; Burger & 
Langemann, 1956; Cohen & Goldenberg, 1957; von Euler, 1958). They are 
assumed to lack innervation and whether asphyxia of the cells due to 
growth of the neoplasm is responsible for the high output, occasionally 
paroxysmal in nature, remains to be shown. 

Clear evidence for the development of the functional innervation of the 
foetal adrenal medulla during the last 20 days of pregnancy was provided 
by the results with splanchnic nerve stimulation. An abrupt rise in the rate 
of output of both amines occurred from about 125 days onward with this 
form of stimulation and the response was almost completely annulled by 
hexamethonium. The proportions of the two amines released on stimulation 
were similar to those found in the glands removed after minimum stress. 

The abrupt development of innervation at 125-130 days was also re- 
flected in the change in the amount and composition of the total asphyxial 
discharge at this stage. Thereafter the divergence between the two 
components of the response to asphyxia increased, and the effects of the 
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splanchnic nerves predominated at the end of pregnancy. Neve,theless, at 
no time during foetal life was the total discharge during asphyxia similar 
to that induced by splanchnic nerve stimulation, either in composition or 
amount (see Fig. 5c, e), and it was the presence of the residual component, 
which was independent of the nerve supply, which largely accounted for this 
anomaly. When this was subtracted from the total asphyxial discharge 
the remainder of the response, mediated by the splanchnic nerves (Fig. 5d), 
was then somewhat similar to that obtained during stimulation of the 
peripheral ends of the cut nerves (Fig. 5e). However, even after the 
elimination of the direct effect upon the gland, a disproportionately 
large amount of noradrenaline was still released by asphyxia. 

In the lamb and adult sheep, on the other hand, there was no such 
consistent difference between the discharge induced by asphyxia from the 
innervated gland and that elicited by direct splanchnic nerve stimulation. 
In both cases the percentage of adrenaline released was similar to that 
found in the glands. These results on the adult sheep are thus in agreement 
with the findings in other adult animals (Lund, 1951; von Euler & Folkow, 
1953; Rapela, 1956). | 

The spinal cord alone, and not the remainder of the brain stem, appeared 
to be essential for the nervous response to asphyxia in the foetal and new- 


born lamb, since the results obtained after transection at C1 were indis- | 


tinguishable from those in the intact animal. In the adult animal sympa- 
thetic centres in the medulla oblongata and hypothalamus are generally 
assumed to be activated in any discharge of the adrenal medulla, including 
its response to asphyxia (Elliott, 1912; Houssay & Mollinelli, 1926; Red- 
gate & Gelhorn, 1953; von Euler, 1956). These areas of the brain stem are 
certainly more sensitive to asphyxia than the spinal vasomotor centres 
(Mathison, 1910, 1911), but Jourdan (1936) has provided evidence for the 
participation of the cervical region of the spinal cord in the response of the 
adrenal glands to asphyxia, and Tenney (1956) has also found that with 
high CO, concentrations the discharge measured by the contraction of the 
denervated nictitating membrane was almost as great in the spinal cat as 
in the intact anaesthetized animal. Whether the spinal cord of the foetal 
and new-born lamb is more sensitive to asphyxia or less liable to spinal 
shock than that of the adult is not known. But it may be that the major 
part of the adrenal medullary discharge during asphyxia is always depen- 
dent on the spinal centres, while the brain stem primarily mediates the 
more delicately adjusted vasomotor reflexes of the sympathetic system. 
The development of innervation in the foetal adrenal gland of the sheep 
during the last three weeks of pregnancy agrees with the results and con- 
clusions of Born et al. (1956) on the increased activity of the autonomic 
system as a whole during asphyxia of the foetal lamb near term. The 
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maturity of the adrenal medulla at birth is further indicated by the fact 
that the proportions of adrenaline and noradrenaline in both glands and 
effluent blood in young lambs were similar to those of the adult, and only 
the absolute levels increased with age. Thus, in this respect, the young lamb 
may be considered as a miniature adult. Other evidence suggests that this 
early development of the sympathetic system probably does not apply to 
other species. Bauer (1938) was able to detect sympathetic nervous activity 
in the rabbit during asphyxia only after birth. The lamb also contrasts 
sharply with the calf where the effects of splanchnic nerve stimulation in 
the new-born animal are small (Comline & Titchen, 1951) and the major 
developmental changes in the output and content of the adrenal medulla 
occur after birth (Silver, 1960). In other species, therefore, the direct 
response of the cells of the adrenal gland to asphyxia may be of consider- 
able importance at birth, and even in the sheep foetus it may play a part 
in the survival of premature animals, since viable lambs have been 
obtained as early as 110 days (Born, Dawes & Mott, 1955) when the nervous 
mechanism is not yet established. 

Dawes et al. (1959) have concluded that maintenance of the circulation 
is of prime importance for survival of foetal and new-born animals after 
prolonged asphyxia, and the pressor amines released from the adrenal 
medulla under these conditions may be essential for this purpose. On the 
other hand bilateral adrenalectomy is not followed by circulatory failure 
during asphyxia nor does it prevent the development and maintenance of 
the slow cardiac rhythm which is so characteristic of foetal asphyxia 
(Comline & Silver, unpublished observations). It is not possible, therefore, 
to define the precise role of the large amount of noradrenaline discharged 
from the foetal adrenal medulla during asphyxia. It might stimulate heat 
production in foetal and new-born lambs in a manner similar to that 
described for the kitten (Moore & Underwood, 1960a, 6), and it may be 
significant that noradrenaline is a more effective calorigenic agent than 
adrenaline in these animals and that its potency declines with age. 


Adrenaline and noradrenaline content of the adrenal glands 


In this examination of the development of the adrenal glands of the 
sheep a marked decrease in the content of both amines was found in 
glands obtained from animals which had been subjected to death from 
asphyxia or to considerable operative trauma, as compared with those 
removed with minimum interference after a short period of anaesthesia. | 
This discrepancy, affecting noradrenaline more than adrenaline, was at 
first ascribed to endogenous discharge, and it appeared to provide evidence 
for the existence of a labile store of noradrenaline which might be readily 
released by asphyxia or by other stimuli. Closer examination of the 
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differences between the two groups showed that the apparent losses were 
far greater than could be accounted for solely by the known maximum 
rates of secretion either in the foetus or in the ewe. The discrepancies 
between the two sets of observations were not related to differences in 
adrenal weight nor to development of the adrenal cortex, and it seemed 
unlikely that they were due to a consistent error in the extraction pro- 
cedure or assay, since no discrepancies in other estimations were detected. 
Butterworth & Mann (1957, 1960) have reported considerable variation 
in the pressor amine content of cat adrenal glands and only found close 
agreement in related animals. This may well apply to the sheep, since the 
material for the two series of ewes and foetuses was not obtained during the 
same year nor from an inbred population. Furthermore, the unaccount- 
able variations in content between different animals, which were found 
even when precautions were taken to minimize endogenous discharge, might 
also be related to the condition of the animals or the particular strain 
used. The apparent inherent variability of the pressor amine content of 
adrenal glands is also illustrated by the table compiled by von Euler 
(1956) which summarizes figures for ‘normal’ glands obtained in different 
laboratories. The values given for pressor amine concentration in the 
sheep vary from 0-23 to 0-91 mg. noradrenaline and 0-75—1-50 mg adrenal- 
ine/g adrenal tissue, the percentage of adrenaline ranging from 56 to 81%. 

In view of this variability in adrenal gland content, the value of such 
estimations as indices of the degree of development or activity of the 
glands would seem to be very dubious without many qualifications or 
unless they are combined with direct measurements of discharge from 
the glands. 

| SUMMARY 

1. The output of adrenaline and noradrenaline in response to asphyxia 
or splanchnic nerve stimulation has been examined in foetal lambs from 
80 days until term, in lambs and in adult sheep. 

2. Stimulation of the splanchnic nerves in the foetus had little effect 
until about 125 days; thereafter the response increased abruptly until 
term and released a percentage of adrenaline similar to that found in the 
glands from non-asphyxiated animals. This response was annulled by 
hexamethonium. 

3. The response to asphyxia of the foetal adrenal medulla consisted of 
two components: these were (i) a direct effect upon the adrenal medulla 


and (ii) that mediated through the splanchnic nerves. The latter was only 


present during the last 15-20 days of pregnancy. 

4. The direct response to asphyxia typically released 80% of noradrenal- 
ine; it could be detected before the innervation of the gland was esta- 
blished and was obtained after injecting hexamethonium or pithing of the 
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spinal cord. It was present throughout the period of pregnancy examined 
and only waned a few days before birth. . | i 

5. The total discharge of the innervated gland during asphyxia in the 
foetus was considerably higher and the percentage of noradrenaline 
greater than that elicited by splanchnic nerve stimulation or contained in 
the gland. This discrepancy was largely accounted for by the direct effect 
of asphyxia upon the foetal adrenal medulla. 

6. After transection of the spinal cord at C 1 the response to asphyxia was 
indistinguishable from that in the normal intact foetus and new-born lamb. 

7. In the lamb a few days after birth the percentage of adrenaline in 
the glands and in the effluent blood during stimulation of the splanchnic 
nerves was similar to that in the adult. The glandular content and the 
rate of secretion increased with age. 

8. In the adult, in contrast to the foetus, the direct effect of asphyxia 
on the adrenal medulla amounted to only 10% of the discharge from the 
innervated gland and there was no predominant output of noradrenaline. 
The percentage of adrenaline released by both innervated and denervated 
glands during asphyxia was similar to that in the gland. 

9. The effect of different experimental procedures on the adrenaline and 
noradrenaline content of adrenal glands from foetuses, lambs and adult 
sheep was examined. The extensive depletion of the glands which occurred 
after death from asphyxia, or after severe operative trauma, could only 
in part be ascribed to endogenous discharge. 


We wish to thank Mr W. 8. Mansfield for help with the purchase of the ewes, Messrs G. E. 
Baker and P. Hughes for technical assistance and Mr J. Smith for his care of the animals. 
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THE STATIC ELASTIC PROPERTIES OF THE ARTERIAL WALL 
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The mechanical properties of the arteries have been extensively studied 
in the past, but precise quantitative knowledge of this subject is still 
lacking. In addition, the available data are derived almost entirely from 
experiments on the thoracic aorta and it is not certain how the smaller 
vessels behave. 

Much previous work describes the relation between pressure and volume 
in intact vessels. Pressure, radius and wall-tension ‘in an elastic tube 
are all interdependent and in most cases insufficient data are given to 
calculate the exact behaviour of the wall itself. In addition, the retrac- 
tion seen when an artery is removed from the body (Fuchs, 1900) has 
been neglected. It is consequently often difficult to infer the behaviour 
of the vessels in vivo, the more so as in some cases the inflated vessel was 
free to lengthen, while in others the specimens were held at some un- 
specified length. Studies have also been made on strips and rings cut 
from arteries but the properties of these specimens give but little 
information on the relation between pressure and radius in the intact 
vessel, 

For.these reasons it was felt that the question merited reinvestigation 
and an apparatus was developed to determine the pressure—radius relation- 
ships of arterial specimens. This was designed to enable both static and 
dynamic behaviour to be measured. 


THE ELASTIC MODULUS 


Classical elastic theory was developed to describe the relations between 
applied forces and the resulting deformations in relatively stiff materials 
such as metals. A perfectly elastic or Hookean substance shows a constant 
proportionality (within certain limits) between stress (applied force per 
unit area) and strain (relative change in dimension). This proportionality 
is expressed in the familiar elastic moduli such as Young’s modulus (£), 
the ratio of tensile stress to tensile strain. Soft animal tissues are very much 
more extensible than metals and do not show a constant ratio between 
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stress and strain. To deal with these materials an entirely different 
theoretical approach has been advocated and these methods have been 
applied to the study of tissue elasticity with some success (King & Lawton, 
1950). Nevertheless, this method has not been used here, largely because 
it rests on the assumption that such tissues are homogeneous in structure, 
which is patently not the case for blood vessels. The computations involved 
are also very lengthy. 

The modulus used here is termed the incremental modulus (following 
a suggestion of Krafka, 1939), and strain is defined as the ratio of change 
in length to the mean length during the change. 

The Young’s modulus of an isotropic tube, which does not change in 
length on inflation, is given by Love (1927) 

Ap 2(1 —o*) R? Ry 
AR, 

where AR, is the change in external radius following a pressure change 
Ap, R; is the internal radius and o is known as Poisson’s ratio. This is the 
ratio of transverse to longitudinal strain, all materials becoming narrower 
when they are stretched in length. If o = 0-5 no change in the volume 
of the material occurs for a very small strain. This is not strictly true when 
large strains are considered (Bergel, 1960), but o has been taken as 0-5 for 
the arterial wall which has been shown (Lawton, 1954) to extend iso- 
volumetrically. This equation assumes isotropy of the material, that is 
that the mechanical properties are identical in all directions. There is 
good evidence (Fenn, 1957) that the arterial wall is more extensible 
longitudinally than circumferentially, but when no change in length occurs 


the effective circumferential modulus (measured in these experiments) | 


is a function only of the true radial and circumferential moduli (Lambossy 
& Miiller, 1954). 


With these assumptions the incremental modulus is 
P3—P, 2(1—o°)R?, Ro, 


Ry,— Ry, FR)” 

where the subscripts 1, 2, 3 represent successive measurements of pressure 
and radius. Ifno volume change occurs in the wall, then R?— R? is constant. 
The units of stress are force per unit area. Strain is a ratio of length and 
is dimensionless, thus the elastic modulus has the same units as stress, 
here given in dynes/em? for 100% elongation. It is therefore necessary 


to measure the internal pressure, radius and wall thickness of the arteries 
used. 
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METHODS 


The method chosen to measure radius changes was a photo-electric one: this has been 
described elsewhere (Bergel, 1958, 1961). The vessels used (thoracic, abdominal aorta, 
femoral and carotid arteries) were taken from the bodies of dogs which had been bled as 
donors for perfusion experiments; all specimens were removed within 2 hr of death and the 
experiments were carried out on the same day. Before and after excision the length of the 
specimen was measured. Chosen lengths of vessel, about 6 cm excised length, were gently 
cleaned of all surrounding tissue. The limit of the adventitia was arbitrarily taken as the 
zone reached in this way when the specimen appeared to be clean and without obvious 
fringes of connective tissue. Portions were selected with as few branches as possible, but 
all branches included were ligated and cut close to the parent vessel. Finally the artery was 
painted with Indian ink to reduce surface reflexions. 

The cleaned specimen was weighed twice, in air and in water; thus its volume was ob- 
tained (immersion in water lasted a few seconds only and resulted in no detectable increase 
in weight). It was then attached at either end to a pair of tubular metal holders of suitable 
size, which could be screwed into two rigid horizontal supports. The specimen was then 
held. vertically and could be stretched to its in vivo or natural length. In this position it lay 
in the path of a collimated light beam } in. (3 mm) deep and of adjustable width. An accumu- 
lator supplied a 12 V 60 W filament bulb, which was separated from the specimen by two 
collimating slits 12 in. (25 cm) apart. 

The shadow of the artery was thrown on a small diffusing screen formed by the flat 
surface of a length of cylindrical Perspex rod (1} in. (3 em) diam.) which had been longi- 
tudinally bisected. The flat face had been ground with fine emery powder; the curved 
surface acted as a lens and concentrated the light on the photo-cathode of a photomultiplier 
tube (R.C.A. 931 A) mounted 2 in. (5 cm) away in a light-tight box. 

The photomultiplier was supplied from a stabilized E.H.T. source at a potential of 
600 V (by under-running the tube somewhat the stability is improved). The last of the chain 
of electrodes, the anode, was connected to earth through a total load of 2-5 MQ, and the 
potential of this point was taken to a high-gain oscilloscope. The maximum current drawn 
from the photomultiplier was 4 »A. The greater the radius of the specimen the less the 
amount of light falling on the photomultiplier window and the smaller the negative potential 
appearing on the anode. For the purpose of calibration this potential could be balanced 
against that from a ten-turn potentiometer which was graduated to 1000 units. Before and 
after each experiment the unit was calibrated with a series of metal rods of known radius 
mounted in the position. of the Sve sh a linear relation between radius and output was 
obtained. 

Procedure. While preparing the specimen the apparatus was switched on and left for 2 hr 
before making any measurements. Further to reduce drift, the battery supplying the lamp 
was under constant charge and the leads to the light were made of aluminium strips to 
lessen thermal resistance changes. It was not possible to eliminate drift and the apparatus 
was calibrated before and after each experiment. The over-all error in the measurement 
of radius was + 4% over 2 hr; the great majority of experiments lasted about | hr and none 
took more than 1} hr. 

Having mounted the specimen the static pressure-radius relationships were measured. 
By ‘static’ is meant that the radius at each step of 20 mm Hg between 0 and 240 mm Hg 
was measured, with a pause of 2 min after each change before balancing the output against 
the graduated potentiometer. Usually no further change in size was perceptible after this 
interval, but occasionally a longer pause was necessary. These pressure changes were pro- | 
duced with a hand bulb-and reservoir bottle connected to the specimen through the lower 
support and were measured with a mercury manometer. The apparatus was filled throughout 
with isotonic saline. All experiments were carried out at room temperature (18-22° C). 
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RESULTS 


The mean values for the incremental moduli of four types of artery up 
to a pressure of 240 mm Hg are shown in Fig. 1. The vertical lines represent 
the standard errors of the means at pressures of 100 and 220 mm Hg for 
the thoracic aorta and the carotid artery, the errors for the other vessels 
were similar to those of the carotid. In Table 1 these mean values and 
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Fig. 1. Mean values for the static incremental modulus (Z,,,) of four types of artery. 
Lines have been drawn connecting the points for the thoracic aorta and carotid 
artery; the standard errors of the means for these vessels are shown for pressures 
of 100 and 220 mm Hg. [ thoracic aorta; 4 abdominal aorta; x femoral sia 
© carotid artery. 
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standard errors are listed; the differences between the thoracic aorta and 
carotid artery at 100 and 220 mm Hg are probably significant (P < 0-05). 

In all cases the vessel wall becomes progressively less extensible (higher 
elastic modulus) the more it is stretched. The increase in modulus is steady 
throughout the whole range: there is no suggestion that at some well 
defined pressure some less extensible material in the wall which had pre- 
viously been slack is brought under strain. Up to pressures around 
100 mm Hg this change is less marked in the thoracic aorta, but thereafter 
the modulus rises rapidly and becomes essentially the same as that of the 
other vessels. In the case of the carotid artery, but not of the other vessels, 


TABLE 1. Mean values for static incremental modulus of elasticity 
(dynes/cm? x 10° + of mean) 


Pressure Thoracic . Abdominal Femoral Carotid 
(mm Hg) aorta aorta artery artery 
40 1-2+0-1 (6) 1-6+0>4 (4) 1-2+0-2 (6) 1:0+ 0-2 (7) 
100 4:3 + 0-4 (12) 8-9 + 3-5 (8) 6-9 + 1-0 (9) 6-4+ 1-0 (12) 
160 9-9 + 0-5 (6) 12-4 + 2-2 (4) 12-1 + 2-4 (6) 12-2 +2°7 (7) 
220 18-1 + 2-8 (5) 18-0 + 5-5 (3) 20-4 + 4:4 (6) 12-2 + 1-5 (7) 


The number of measurements is shown in brackets. Some additional specimens were 
studied at 100 mm Hg before making dynamic measurements, and these have been included. 


a limiting modulus of the order of 13 x 10° dynes/cm? appears to be reached 
at extreme distension. (These figures are the differentials of a very 
steeply rising stress-strain curve and the small decrease may not be a real 
one.) 

In all these experiments the length of the vessel was held constant ; it is 
thus simple to construct a pressure-volume curve. A roughly linear 
relation between pressure and volume in the thoracic aorta was found up 
to pressures of 100-120 mm Hg. The pressure, wall thickness, and vessel — 
radius determine the wall tension, but the pressure-volume curve will be 
a straight line if the wall modulus increases proportionally with the fourth 
power of the radius (Bergel, 1960). This is the situation in the thoracic 
aorta below 100 mm Hg, but for the other vessels the increase in modulus 
is steeper. At high pressures the volume distensibility (AV/Ap) of the 
thoracic aorta becomes progressively less. The other vessels show steadily 
diminishing distensibility throughout the whole pressure range. The 
behaviour of these thoracic specimens contrasts with that reported by 
Roy (1880), Wagner & Kapal (1951) and, for young specimens, by Hallock 
& Benson (1937), all of whom found markedly sigmoid pressure-volume 
curves. The first two of these reports refer to experiments in which the 
vessel was allowed to lengthen on inflation, while Hallock & Benson 
appear to have held their vessels at excised length during a rapid 
(ca. 2mm Hg/sec) inflation, In another experiment these procedures were’ 
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carried out on the same specimen of thoracic aorta. The vessel was inflated 
slowly (2 min between each increment of 20 mm Hg) while held at its natural 
length, and again while free to lengthen, and finally a rapid inflation 
(0-300 mm Hg in 3 min) was performed at the excised length. The experi- 
ments were performed in the order given and 2 hr separated them to allow 
the vessel to recover fully from the stretch. 

The results (Fig. 2) show that the double curvature of the pressure- 
volume curve is much accentuated by allowing it to lengthen, or by rapid 
inflation. Roy (1880) and Wagner & Kapal (1951) have emphasized that 


Relative volume 


50 100 150 200 250 300 
Pressure (mm Hg) 


Fig. 2. Three pressure-volume curves for the same thoracic aorta. (For clarity, 
curves 1 and 2 are displaced horizontally.) 1, slow inflation, held at natural 
length; 2, fast inflation, held at natural length; 3, slow inflation, free to lengthen. 
Note the markedly sigmoid form of curve No. 3 which results from the vessel 


being free to lengtKen as it is inflated. This curve also shows the greatest over-all 
distensibility. 


the aorta is most distensible in the physiological pressure range. This 
effect, which is largely due to artifacts, can be seen in the high slope of the 
distensibility curve (No. 3) in this region. 

During successive inflations all vessels became progressively larger. 
This tendency was particularly marked in the muscular vessels and it 
was normally reduced as far as possible by inflating the vessel to 250 mm 
Hg for a few minutes before each experiment, allowing the specimen to 
stretch and thus reducing the subsequent slow dilatation. 

By omitting this preliminary stretch it was possible to make measure- 
ments on the same vessel over a wide range of diameter. The results of 
one such experiment are shown in Figs. 3 and 4. Figure 3 shows three 
pressure-volume curves obtained from the same specimen of femoral 
artery. These have been calculated from the measurements of external 
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radius. The first cycle of inflation and deflation was performed on a vessel 
which had not been under pressure since the death of the animal some 
hours previously. This cycle resulted in a wide loop, and at the end the - 
zero-pressure volume had increased by some 50%. After being held at 
a steady internal pressure of 150 mm Hg for 20 min, during which time 
a further increase in size occurred, a second cycle was carried out. Again 
the vessel became larger. After dynamic measurements (mean pressure 
of 100 mm Hg for 20 min) a final slow inflation and deflation followed. 


1-0 


Volume (ml.) 


0 20 40 60 80 100 120 140 160 180 200 220 240 
Pressure (mm Hg) 


Fig. 3. Three consecutive pressure-volume curves of a femoral artery. The sequence 
of inflation and deflation is shown by the arrows (the last two deflations followed 
the same course). The vessel appears to become rather less distensible during the 
series of inflations (cf. Fig. 4). 


This time the loop was closed (the course of deflation was identical in the 
second and third cycles) and no further increase in size occurred. This 
gradual increase in size accompanied by narrowing of the hysteresis loop 
has been observed by many workers (e.g. Remington, 1955). 

The same data, for the inflation limbs only, are plotted as elastic 
modulus and radius in Fig. 4. All the points lie about a single curve, 
though the wall was somewhat stiffer on the first occasion. However, the 
modulus at any given pressure increased with each inflation. Points 
referring to 100 mm Hg are indicated by vertical lines and the modulus 
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increased from 1-1 to 4:8 x 10®dynes/cm?. In the first cycle the vessel 
was less stiff because it was smaller. This experiment was repeated on 
other vessels with similar results. 
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Fig. 4. The variation with radius of incremental modulus calculated from the 
inflation limbs of the three curves shown in Fig. 3. The vertical lines indicate 
points at 100 mm Hg pressure. 
inflation. Note the consistency in behaviour seen when the results of the experi- 
ment illustrated in Fig. 3 are plotted in this fashion. 


_ Measurements were also made of the amount of shortening on excision, 
and of the relative wall thickness (h/R,) at an internal pressure of 100 mm 
Hg. Mean values are shown in Table 2. The wall-thickness figures were 
computed from measurements of external radius and the wall volume of 
the specimens. A few subsequent measurements on cut sections of vessels 
fixed while distended gave the same results. 
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TABLE 2, Mean values for relative wall thickness (h/R)) and amount of retraction 
in different dogs’ arteries 


h (% of Ry at 100mm _ Retraction (shortening 


Vessel Hg internal pressure) as % original length) 
Thoracic aorta 10-5 + 0-46 (15) 31-9+0-6 (22) 
Abdontinal aorta 10-5+ 0-61 (9) 34-0 + 0-6 (17) 
Femoral artery 11-5+ 0-96 (11) 42:0+0-9 (22) 
Carotid artery 13-2 +0-75 (13) 35-0 + 0-5 (29) 
artery — 39-5+ 0-7 (9) 


The variations shown are the s.z. of means. Figures in brackets are the number of 
measurements. 


DISCUSSION 


The arterial properties illustrated in Fig. 1 are qualitatively similar to 
those reported by other workers. A full discussion of earlier studies has 
been published previously (Bergel, 1960) and only those reports which 
provide adequate quantitative data will be considered here. The longi- 
tudinal modulus of the thoracic aorta has been reported as 1-5 (Hardung, 
1953) and 2—3 (Lawton, 1955) for strips, and as 2 (McDonald, 1960) for whole 
vessels; where all units are dynes/cm? x 10°. The value reported here, 
4-3 + 0-4 is 1-5—2 times as great, but it has been estimated previously (Bergel, 
1960) that this vessel is about 1-5 times as stiff circumferentially as 
longitudinally at 100 mm Hg internal pressure. Lawton’s (1960) figures 
of about 2 x 10° dynes/cm? for the longitudinal modulus of a wide variety 
of arteries refer to somewhat retracted strips. It can be seen that all 
vessels have similar moduli at low strains. 

The increase in modulus with increasing pressure depends both on the 
elastic properties of the collagen, elastin and muscle within the arterial 
wall, and on their arrangement and linkages. Various tissues have been 
taken to exemplify the mechanical behaviour of these wall constituents ; 
the reported values of the elastic moduli of these tissues are presented in 
tabular form (Table 3). However, some caution is necessary when com- 
paring these values with those found for arteries. In tissues such as the 
arterial wall the collagen forms, at moderate strains, a loose mesh. Only 
when fully distended, so that the collagen comes to lie more nearly parallel, 
would one expect the modulus of this material to approach that shown 
by the dense material which forms tendon. Ligamentum nuchae is known 
to contain some collagen. Hass (1942) extracted aortic collagen with 
formic acid and studied the properties of the remaining elastin, which 
were probably not entirely unchanged by this treatment. Burton (1954) 
has calculated the elastic modulus of elastin to be 3x 10° dynes/cm? 
from Hass’s data. This figure is based on the cross-sectional area of a 
desiccated specimen and should be nearer 1 x 10° (McDonald, 1960). It is 
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probable that the true value lies between this figure and that reported for 
ligamentum nuchae, which is 6. 

Mammalian smooth muscle is an unsatisfactory material for mechanical 
studies, and molluscan unstriated muscle may well be considerably 
different from that found in mammalian blood vessels. Ducret (1931) 
-_ estimated the maximal tension exerted by the muscle in a cat’s mesenteric 
artery to be 0-8 x 106 dynes/cm?. This value is based on histological esti- 
mates of the amount of muscle present and cannot be very accurate. 
However, the elastic modulus of active muscle must be considerably 
greater than the tension it can exert. 


TABLE 3. The elastic moduli (Z) of arterial wall constituents 


E (dynes/ 
Tissue cm? x 10) Author 
100 Reuterwall (1921)* 
Collagen (tendon) 30-100 Krafka (1939) 
1000 Burton (1954) (30% strain) 
Reuterwall (1921)* 
— Wohlisch, de Rochement & Gerschler (1926) 


6 
6 
6 Krafka (1939) 
0 
0 


Bozler (1936) (molluscan) 
Krafka (1939) (mammalian taenia coli) 
2-5 Reichel (1952)* (molluscan) 


* Calculated by Bergel. 


Smooth muscle (resting) 


It is generally assumed that the collagen and elastin in the arterial wall 
function in parallel. This concept appears to have been first clearly 
formulated by Reuterwall (1921); it is supported by the histological 
_ studies of Benninghof (1930) and by the results reported here. Arterial 
moduli of the order of 20 x 10° dynes/em? (see Table 1) can only result 
from the presence of some material as strong as collagen which is not in 
series with any weaker substance. The thoracic aorta contains about 
1/6 collagen (Harkness, Harkness & McDonald, 1957); if this is arranged 
wholly circumferentially and bears all the load at full distension it is then 
exhibiting a modulus of 120 x 10° dynes/em?, which is similar to that 
reported for tendon by Reuterwall (1921) and Krafka (1939). 

It is not easy to see why the carotid wall should have reached a limiting 
modulus of about 13 x 10° dynes/cm?, for there is no sign that a similar 
limit has been approached in the other vessels. At a pressure of 220 mm Hg 
the tension on the collagen in the carotid wall is of the order of 10 kg/mm? 
and it is conceivable that the ground substance cementing the fibres might 
begin to flow. However, there was no sign that the vessels were in any 
_ way damaged by these pressures, which are not far outside the physiological 
range for the dog, 

As the vessel is allowed to deflate the load is progressively passed from 
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_ the relatively inextensible collagen on to the elastin. It has been suggested 
that this tissue bears all the tension at pressures below 100-150 mm Hg 
(Reuterwall, 1921; Roach & Burton, 1957). However, the wall modulus 
of thoracic aorta at 100 mm Hg, 4-4 x 10° dynes/cm?*, if due solely to the 
elastin present (30°, Harkness et al. 1957) would require the elastin to 
have a modulus twice as great as the values given in Table 3. Reuterwall’s 
(1921) data show that the modulus of ligamentum nuchae at low strains 
is considerably smaller. It seems more likely, as McDonald (1960) has 
suggested, that even at the lowest pressures some material stronger than 
elastin, presumably collagen, contributes significantly to the arterial wall 
modulus. Elastin may be readily extended to 250% of its original 
length (Reuterwall, 1921) and it may be concluded that the difference in 
behaviour between the thoracic aorta and the other vessels between — 
60 and 100 mm Hg pressure (Fig. 1) is due to the great preponderance of 
elastin over collagen (2:1) that has been found (Harkness et al. 1957) only 
in the thoracic aorta, and to a relatively loose collagen network. 

There is relatively little difference between the moduli of elastin and 
smooth muscle (Table 3) and similar arguments cannot be used to decide 
the disposition of these materials in the vessel wall. Histological observa- 
tions (Benninghof, 1930) indicate that they are arranged in parallel, and 
this is supported by similar (unpublished) studies of my own. There can 
be no other explanation for the behaviour illustrated in Fig. 4 than that 
the material which was extended by a steady high pressure, presumably 
muscle, is arranged in parallel with the other elements. Since this specimen 
was rather stiffer during the first inflation (crosses) than subsequently it 
is possible to make an estimate of the modulus of resting smooth muscle. 
Assuming that the femoral wall contains 75° muscle, a value of about 
1 x 10° dynes/cm? has been calculated. This figure is also based on the 
assumption that the stretched muscle subsequently develops no significant 
elastic tension (Abbott & Lowy, 1958); if this is not the case the figure 
should be higher. A similar value has been estimated from measurements 
of dynamic elasticity (Bergel, 1961). In view. of these results, which are 
similar in value to those quoted in Table 3, the hypothesis of Burton (1954) 
that the muscle works through a complex system of linkages, conferring 
a mechanical advantage of about 100:1, is unnecessary. This suggestion 
stemmed from the assumption that. the elastic modulus of smooth muscle 
was much lower, 0-06 x 10° dynes/cm?. 

A parallel arrangement of the constituents implies that the properties 
of the arterial wall are more directly related to radius than to pressure, 
and this may be clearly seen in Fig. 4. For practical purposes it is-more. 
useful to relate the modulus to pressure, as has been done here. It should 
be remembered that, under normal conditions, arteries are prevented from 


% 
; 
4 
4 
i: 
| 
| 
\ 
a 
t 
} 
x 
4 


456 D. H. BERGEL 


collapsing fully. Nevertheless, it takes a considerable time under pressure 
for a collapsed vessel to regain its original size, and significant changes 
in arterial elasticity are to be expected immediately following any sub- 
stantial fall in blood pressure. 

The amount of retraction seen in these vessels is very similar to that 
reported by Fuchs (1900) sixty years ago. It can be seen from Fig. 2 how 
greatly changes in length can alter the behaviour of arteries quantitatively 
and qualitatively. This shortening should obviously be taken into account 
in any study of arterial elasticity, particularly when longitudinal strips 
are used. 


SUMMARY 

1. The use of a simple incremental modulus of elasticity is proposed 
for description of the mechanical properties of the arterial wall. Measure- 
ments of this modulus were made on the thoracic and abdominal aorta, 
femoral and carotid arteries, of the dog. In all these experiments the vessel 
was held at the length it had in life. 

2. The arterial wall becomes stiffer as it is extended. This increase is 
less marked in the thoracic aorta up to a pressure of 100 mm Hg. Mean 
values for the static elastic modulus (dynes/cm? x 10°) at 100mm Hg 
pressure were thoracic aorta 4:3, abdominal aorta 8-7, femoral artery 6-9, 
carotid artery 6-4. 

3. The elastin, collagen and smooth muscle in the arterial wall are 
arranged in parallel and each bears some load at all internal pressures. 

4. The elastic modulus of resting vascular smooth muscle is probably 
in the region of 1 x 10° dynes/cm?. 

5. Values for the relative wall thickness and the retraction on excision 
are given. 


I am very grateful to Drs D. A. McDonald and M. G. Taylor for advice and discussion ; 
to Mr D. C. Moore and his staff for technical assistance; and to the Royal Society for the 
provision of a calculating machine used in this work. 


REFERENCES 


Assott, B. C. & tcare: J. (1958). Mechanical properties of Helix and Mytilus muscle. 
J. Physiol. 141, 398-407, 


BENNINGHOF, A. (1930). Blutgefiisse und Herz. In Handbuch der Mikroskopischen Anatomie 
des Menschen. Berlin: Springer. 


BerGEL, D. H. (1958). A photo-electric method for the determination of the elasto-viscous 
behaviour of the arterial wall. J. Physiol. 141, 22-23 P. 


pice es 2. H. (1960). The visco-elastic properties of the arterial wall. Ph.D. thesis, University 
of London. 


BERGEL, D. H. (1961). The dynamic, elastic properties of the arterial wall. J. Physiol. (in 
the Press). 


Bozier, E. (1936). An analysis of the properties of smooth muscle. Cold Spr. Harb. S 


| 
3 ~ 
3 
‘ 
‘ 
FS 
ba 
+ 
a 
is 
| 
a 


STATIC ARTERIAL ELASTICITY 457 


Burton, A. C. (1954). Relation of structure to function of the tissues of the wall of blood 
vessels. Physiol. Rev. 34, 619-642. 


Ducret, 8. (1931). Rhythmische Tonusschwankungen und Adrenalinerregbarkeit der 
mesenterial Gefiisse. Pfltig. Arch. ges. Physiol. 227, 753-758. 


Fenn, W. QO. (1957). Changes in length of blood vessels on inflation. In Tissue Elasticity, 
ed. Remineton, J. R. Washington: American Physiological Society. 


Fucus, R. F, (1900). Zur Physiologie und Wachstumsmechanik des Blutgefiss-systems. 
Arch, Anat. Physiol. (1900) 102-154. 


Hatiock, P. & Benson, I. C. (1937). Studies on the elastic properties of human isolated . 
aorta. J. clin. Invest. 16, 595-602. 


Harpwna, V. (1953). Vergleichende Messungen der dynamische Elastizitét und Viskositat 
Blutgefassen, Kautschuk und synthetischen Elastomeren. Helv. physiol. acta, 11, 194-211. 


Harkness, M. L. R., Harkness, R. D. & McDonaxp, D. A. (1957). The collagen and elastin 
content of the arterial wall in the dog. Proc. Roy. Soc. B, 146, 541-551. 


Hass, G. M. (1942). Elastic tissue 2. A study of the elasticity and tensile strength of elastic 
tissue isolated from the human aorta. Arch. Path. (Lab. Med.), 34, 971-981. 


Kine, A. L. & Lawton, R. W. (1950). Elasticity of body tissues: In Medical Physics, 2, 
ed. GLAsseR, O. Chicago: Year Book Publishers. — 


KRraFKA, J. (1939). Comparative studies of the histo-physics of the aorta. Amer. J. Physiol. 
125, 1-14. 


LamBossy, P. & MU.ieEr, A. (1954). Vitesse des ondes dans les tubes. Influence de l’aniso- 
tropie de la paroi. Helv. physiol. acta, 12, 217-229. 


Lawton, R. W. (1954). The thermoelastic behaviour of isolated aortic strips of the dog. 
Circulation Res. 2, 344-353. 


Lawton, R. W. (1955). Measurement of the elasticity and damping of isolated aortic strips 
of the dog. Circulation Res. 3, 403-408. 


Lawton, R. W. (1960). Variability of the viscoelastic constants along the aortic axis of the 
dog. Circulation Res. 8, 381-389. 


Love, A. E. H. (1927). A Treatise on Mathematical Elasticity, 3rd ed. Cambridge University 
Press. 


McDonatp, D. A. (1960). Blood Flow in Arteries. London: Arnold. 

ReEIcHEL, H. (1952). Die elastischen Eigenschaften des glatten Schliessmuskeln von Pinna 
Nobilis bei verscheidenen Tonuslaéngen unter statischen. und dynamischen Bedingungen. 
Z. Biol, 105, 162-169. 

Reminaton, J. W. (1955). Hysteresis lated behaviour of the aorta and other extensible 
tissues. Amer. J. Physiol. 180, 83-95 

REUTERWALL, O. P. (1921). Uber die Elastizitat der Gefasswinde und die Methoden 
ihrer néheren Priifung. Acta med. scand. Suppl. 2, 1-175. 

Roacu, M. R. & Burton, A. C. (1957). The reason for the shape of the distensibility curves 
of arteries. Canad. J. Biochem. Physiol. 35, 681-690. 

Roy, C. 8. (1880). The elastic properties of the arterial wall. J. Physiol. 3, 125-162. 

Waoner, R. & Karat, E. (1951). Uber Eigenschaften des Aortenwindkessels. I. Z. Biol. 
104, 169-202. 

Woutisca, E., pe RocHEMENT, R. ‘pu M. & GERSCHLER, H. (1926). Untersuchungen 
die elastischen Eigenschaften tierischer Gewebe. Z. Biol. 85, 324-341. 


5 

‘ 

} 

4 


458 J. Physiol. (1961), 156, 458-469 
With 4 text-figures 
Printed in Great Britain 


THE DYNAMIC ELASTIC PROPERTIES OF THE 
ARTERIAL WALL 


By D. H. BERGEL 


From the Department of Physiology, St Bartholomew’s H er 
Medical College, London, E.C. 1 


(Received 9 November 1960) 


Although the response of the arterial tree to relatively slow changes in 
blood pressure is determined by its static elastic properties (Bergel, 1961), 
the rapid pressure changes occurring at each heart beat will result in 
rather different behaviour. This is due to the visco-elastic properties of 
the arterial wall. The mechanical response of a visco-elastic material — 
depends both on the force applied (elastic response) and on the time it acts 
(viscous response). These substances display ‘creep’ (continuing extension 
at constant load) and stress relaxation (tension decay at constant length). 
The properties of such a material can be defined by measurements of 
either of these phenomena, but it is difficult to infer from this the response 
to a rapid stress. A more direct form of enquiry is to measure the oscillatory 
stress-strain relationships at any required frequency, which has previously 
been done with strips and rings cut from arteries and recently with intact 
vessels in vivo (Petersen, Jensen & Parnell, 1960). When using intact vessels 
it is necessary to measure simultaneously the amplitude and the phase 
relationships of oscillatory pressure and radius changes. As arteries change 
very little in length with each heart beat (Lawton & Greene, 1956) they 
should be held at their natural length. 


METHODS 


The apparatus used is shown diagrammatically in Fig. 1; its use has been explained 
previously (Bergel, 1961). Changes in the radius of the specimen are detected with a colli- 
mated light beam and a photomultiplier tube (R.C.A. 931A). 

Sinusoidal variations in volume were superimposed upon that due to a steady pressure 
of 100 mm Hg by a cam-operated pump (Taylor, 1959) leading to the vessel through the lower 
of the two supports. The pressure changes developed were detected by a capacitance 
manometer (Southern Instruments) attached to a wide cannula. This was inserted through 
the upper support and its tip lay in the vessel at the level where radius changes were 
detected by the light beam. | 

To determine the amplitude and phase iotoniion the manometer was calibrated dynamic- 
ally, both by the pressure transient method of Hansen (1949) and by direct measurement. 
The latter was achieved by comparing its output at frequencies of 2-25 ¢/s with that from 
an air-filled unit with a natural frequency of 940 c/s. The manometer and cannula used in 


a 
, 
| 
| 
> 
4 
‘ 
i 
| 
i 
4 
a 
+ 
§ 
6 


DYNAMIC ARTERIAL ELASTICITY 459 


these experiments was found to have an undamped natural frequency of 89 c/s and a degree 
of damping of 0-102. According to Hansen’s formulae it should, at 20 c/s, over-register 
pressure changes by 5:2% with a phase lag of 0-048 radians. This was confirmed, within 
the limits of error, by the direct measurements. Accordingly the appropriate corrections 
were made to all readings. 
Automatic Fourier analysis of the signals representing pressure and radius changes was 
performed by a resolver (Taylor, 1959), synchronized by a switch-plate mounted on the 
cam-shaft of the pump. Direct readings of the sine and cosine coefficients of both variables 
could be made at each frequency. 


— YA MA. 


M.H. 


y PMTL La. 


{ - < Pump 


Motor Ta. 


Resolver 


R.S-P. tig 


Fig. 1. Formalized diagram of the apparatus. A, arterial specimen; C, collimating 
tube; La, light source; C.P., mercury-column manostat; Ta, tachometer; R.S-P., 
resolver switch-plate; R.C., resolver contacts; L, lens; P-M.T., photomultiplier 
tube; P-M.S. photomultiplier power supply; M.H., manometer transducer head; 
M.A. manometer amplifier; X.A., X amplifier; Y.A., Y amplifier; C-R.O.,.cathode- 
ray oscilloscope. 


Dynamic measurements were normally made after determining the static stress-strain 
relationships ( Bergel, 1961) but in some cases the dynamic experiments alone were performed. 
These vessels were held at a steady pressure of 100 mm Hg for some minutes to allow stress 
relaxation. 

The specimens used were dog’s thoracic and abdominal aorta, femoral and carotid arteries, 
removed and studied within a few hours of death by bleeding. These were filled with isotonic 
saline at room temperature. The frequency range covered was from 2 to 18 c/s. 

The markedly non-linear properties of the arterial wall (Bergel, 1961) lead to two diffi- 
culties. In the first place, a fall in mean pressure due to a small leak will result in a diminished 
elastic modulus. As small a change as 2 mm Hg could be detected in this way. To overcome 
this the barrel of the pump was connected, by a narrow tube, to a saline reservoir held at 
a constant pressure of 100 mm Hg by a mercury column manostat (Fig. 1, C.P.)., This also 
altered the magnitude and phase of the pressure changes, but since the radius changes were 
similarly affected (as was shown by direct experiment) no errors resulted. 
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Secondly, the non-linearity of the wall will distort the pressure changes generated by a 
sinusoidal alteration in volume. However, provided the oscillations are kept small enough, 
this distortion is negligible. The appearance or distortion could be observed on the monitor 


oscilloscope, and the amount of second and third harmonic generated could also be measured - 


by the resolver. The pressure changes used were + 5-10 mm Hg and the distortion was 
insignificant. This represents radius changes of less than + 2-3 %. 
The dynamic elastic modulus (Z’) is given by 


AP 2(1—o*)R,R? 
AR, 
(see Bergel, 1961, preceding paper). EH’ may be resolved into two components, elastic and 
viscous. Following Hardung (1953) and McDonald & Taylor (1959) these are termed F,,,, 
and nw respectively, and are defined as follows: 
= E’ cos ¢, 
nw = EK’ sin ¢, 


= 


where ¢ is the phase angle between pressure changes (AP leading) and radius changes 
(AR,), nw is the product of the coefficient of viscosity (y) and the angular velocity (w), but 
only in a simple visco-elastic material is 7 constant. 

Thus the amplitude of HE’, | H’| = [(E,,,)?+(yn)*]!, so that where nw is small, say < 10% 

Repeated determinations of these two quantities on rubber tubes suggest an over-all error 
of +5%. 


RESULTS 


Some of the results have been briefly discussed previously (Bergel, 
1960a). The behaviour of all the specimens was qualitatively similar, 
though there was wide quantitative variation between vessels of the same 
type. Table 1 shows the mean values of Hayn for the four types of artery. 
It will be seen that all vessels showed an abrupt increase in stiffness 
between frequencies of 0 {i.e. static) and 2 c/s; with increasing frequency 
there was little further change. This increase appears to be greater for the 
more muscular vessels. This is well seen when the modulus ratio (Eayn/ 
Estatic) is plotted against frequency (Fig. 2). This ratio correlates wel! 
with the muscularity of the vessel, though the variation is so great as to 
render the differences rarely significant (the vertical lines indicate the 
standard errors). 

In all cases the viscous component (nw) was relatively small and again 
the relation to frequency was similar in all. At 2 c/s nw was about 0-1 Hayn 
and it increased by only about 1-5-2 times.at 18 c/s. Since nw = H’ sin ¢ 
its magnitude depends on that of the complex modulus itself. This can 
be seen in Fig. 3 (top half) where it appears that the size of nw also depends 
on the muscularity of the wall. However, the relation between Hays and 
nw was remarkably similar for all specimens. Since ¢ = tan-! nw/Eayn 
the variation of ¢ with frequency has been plotted in the lower half of 
Fig. 3. It can also be seen in this figure that the phase angle was very 
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Taste 1. Mean values of E,,,, (dynes/em?+s.x. of means) 
(Figures in brackets give the number of specimens.) 
Vessel 2 c/s 5 e/s 18 
Thoracic 4-4+ 0-40 (10) 4:‘7+0:42 (10) 4-9 + 0-45 (10) 5-3 + 0°80 (4) 
Pre 9-2 + 0-94 (7) 10-9 + 0-88 (7) 11-0 + 0-82 (7) 12-2 + 0-46 (4) 
4 9-O41-15 (5) 12:040-81 (5) (5) +139 (5) 


artery 
Carotid artery 6:9+0-48 (6) 11-0+ 1-00 (6) 11-34 0-99 (6) 11-54 1-08 (6) 


19 


| 


| 


x x 
0 2 4 6 8 6 
. Frequency (c/s) 
Fig. 2. Mean values for the relative modulus (E4,,/Eyati:). Note the sharp 
increase between 0 and 2 c/s which correlates with the amount of smooth muscle 
oN 3 in the vessel wall. The vertical lines show the standard errors. p values for the 
differences seen are as follows: 
| Difference between 2 c/s 5 e/s 18 c/s 
Thoracic and abdominal 0-1 0-15 0-35 
Abdominal and femoral 0-23 0-13 0-35 
Femoral and carotid 0-1 0-1 0-05 


() thoracic aorta; A abdominal aorta; x femoral artery; © carotid artery. 
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small (5-10°) and it could well have been overlooked entirely by merely 
inspecting the records of pressure and radius. | 

There ‘was no difference in ¢ between different vessels at frequencies 
above 5 c/s, but at the lowest frequency it was rather smaller for the 
aortic specimens than for the other, more muscular, vessels. If the means 
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Fig. 3. Above: mean values of nw, the viscous component of the dynamic modulus. 
Below: mean values of ¢, the phase angle between pressure and displacement. 
Note the great similarity between all vessels, except at the lowest frequencies, 
and the small change in ¢ between 5 and 18 c/s. The vertical lines show s.£. of 
rneans for the grouped means of the thoracic and abdominal aorta and the femoral 


and carotid arteries. [] thoracic aorta; A abdominal aorta; x femoral artery; 
O carotid artery. 


and standard errors for these two groups of artery are computed, a 
significant (0:02 > P > 0-01) difference appears between them at 2 c/s 


only. The standard errors for the two groups are shown in Fig. 3 (bottom 
half). 
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A few measurements were made at mean pressures of 50 and 150 mm Hg. 
The scatter was wide, but it appeared that the modulus ratio was inde- 
pendent of mean strain. 


DISCUSSION 


These results differ in some respects from those previously reported. 
Hardung (1953), studying aortic strips, found a modulus ratio of 1-25 at 
2 c/s which did not alter up to 15 c/s. At low frequencies nw was about 
0-1 Eayn, but thereafter it rose linearly with increasing rate of strain. 
Kapal (1954) with a similar technique and using human specimens, reported 
that the ratio increased steadily to 1-3 at 40 c/s (mean of 22). No measure- 
ments of phase differences were made but inspection of his records shows 
that they were no larger than those reported here. Kapal also found that 
the modulus ratio was not altered by the mean strain, but Lawton (1955) 
was unable to confirm this. 

The rise in nw seen by Hardung, and increase in E’ found by Kapal, 
may be due to the use of strips rather than intact vessels. Ranke (1934) 
reported a very great increase in arterial viscosity when the specimens 
were immersed in hypertonic saline. This effect was reversible and was 
presumably due to removal of water from the tissues. The whole vessels 
filled with saline which were used in this work were always kept moist by 
seepage from tiny branches, but it is clearly considerably more difficult 
to maintain constant hydration of strips suspended in air. 

A different approach is due to Lawton (1955, 1960) who has calculated 
the dynamic modulus from measurements of the natural frequency and 
rate of decay of oscillations in loaded longitudinal strips. These specimens 
were suspended in air at 25°C and 100° humidity. Lawton’s results 
show that the static modulus and modulus ratio were similar (ca. 2 x 10° 
dynes/em? and 2-2-5 respectively) in the aorta, iliac and. carotid arteries 
of the dog, though the modulus ratio tended to be rather greater in the 
carotid. The rather low moduli might be expected from somewhat retracted 
strips (Bergel, 1961) but this cannot acccount for the similar ratios. 
Lawton (personal communication) has suggested that this might be due 
to the storage of his specimens in an ice-box for 24-36 hr before the experi- 
ment. It will be seen that the modulus ratio probably depends on the 
amount of muscle in the artery, a tissue which would be very sensitive to 
differences in experimental method. © 

Measurements made in vivo of the relationship between arterial pressure 
and diameter have been reported recently (Peterson et al. 1960). The 
dynamic modulus was found to be essentially constant over a range of 
about 2-10 ¢/s with values rather greater than those reported here. The 


viscous modulus was very much smaller, though it is not clear to what extent 
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it varied with frequency. There was a small phase difference between 
pressure and dilatation, with a delay usually less than 5 msec, though 
the authors were not very confident of the accuracy of determination of 
these very short times. This delay would represent a phase lag of 0-06- 
0-3 radians, very similar to that found here in vitro. Muscular activity 
has been shown both by Peterson e¢ al. (1960) and by Hardung & Laszt 
(1960) to increase both the viscous and elastic components of the dynamic 
modulus and this may account, partly at least, for the rather high modulus 
measured in vivo. The excised specimens considered in this paper showed 
occasional spontaneous muscular contractions but it is likely that the 
over-all level of tone was very low. Nevertheless, it will be seen that the 
values reported here predict reasonable values for the pulse—wave velocity 
in the vessels concerned, while the results. of Peterson et al. suggest 
velocities considerably higher than those generally accepted. 

The behaviour seen in the arteries is not to be expected from any simple 
mathematical model embodying only viscous and elastic properties and 
not those due to inertia. Two lines of evidence suggest that this omission 
is reasonable. First, the computed resonant frequency for the thoracic 
aorta would not be lower than 300 c/s, very much higher than the fre- 
quencies actually employed. In the case of the other vessels the resonant 
frequency must be considerably higher. Secondly, inertial effects may be 
entirely discounted in the arterial stress-relation experiments of Zatzman 
Stacy, Randall & Eberstein (1954). A digital computer has been used to 
calculate the dynamic response of a blood vessel in which the pressure 
decayed in the manner found by these workers. Within the limits of the 
data fed to the computer the predicted behaviour fitted well with that 
actually observed. 

Attempts were therefore made to fit the observed properties to those 


shown by a number of simple models composed solely of viscous and 


elastic elements in various combinations. These attempts were not 


successful. Possibly a much more complex model could be devised which 


would prove suitable, but the biological realities underlying this would 
not be readily apparent. This applies particularly to the concept of 
muscle viscosity and it is doubtful whether at the present time the con- 
struction of complex mathematical models of this sort serves any useful 
purpose. 

The main conclusion to be drawn from Fig. 2 is that the modulus ratio 
(Layn/Estatic) depends on the amount of muscle in the arterial wall (since 
nw = ca. 0-1 Hayn there is little error in taking Hayy as the dynamic 
modulus). Figure 3 further suggests that the viscous component in all these 


vessels is of a similar nature, and that it too is related to the smooth 
muscle. 
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In Figure 2 it can be seen that there is a relatively narrow frequency © 
range in which the elastic modulus changes from the static to the dynamic 
value. This is known as the critical frequency, and for all arteries it is 
clearly below 2 c/s. Some experiments of Hardung (1953) at very low 
frequencies suggest it lies below 0-5 c/s. The critical frequency for resting 
molluscan smooth muscle has been determined (Pryor, 1952) and found 
to be below 0-02 c/s. This indicates that smooth muscle will show relatively 
long time constants for creep and stress relaxation and it has been reported 
by Abbot & Lowy (1957) that after a passive stretch tension decay in 
molluscan unstriated muscle was a double exponential with time constants 
of 5-8 and 68sec. It may be concluded that the dynamic properties of 


_ arteries are dominated by the behaviour of smooth muscle but that the 


properties of muscle are too complex to be characterized by a simple 
spring-dashpot model. 

If the change in modulus over the critical range is due to the inability 
of a smooth-muscle component to respond to rapid changes in tension it. 
should be possible to estimate the contribution of the muscle to the modu- 
lus of the arterial wall. From data given by Reichel (1952) one may cal- 
culate values of 2-5: and 4-5 x 10° dynes/cm? for the static and dynamic 
moduli respectively of resting molluscan muscle, i.e. a relative modulus 
of about 2. Assuming that this is the case for vascular smooth muscle, 
and that the femoral artery contains about 75° smooth muscle, and the 
carotid about 90° (unpublished observations) it appears that resting 
smooth muscle in the arterial wall has a static elastic modulus of 1-1-5 x 
10° dynes/cm?. This calculation cannot be done for the aorta owing to the 
more complex structure of that vessel. The many assumptions made may 
well be in error, but this figure is in the range of values quoted in the 
literature for various types of unstriated muscle and a similar figure was 
suggested by static inflation experiments (Bergel, 1961). — 


~ The predicted pulse-wave velocity (p.w.v.) 


The velocity of propagation of a pressure wave (m/sec) in a fluid-filled, — 
thin-walled elastic tube is given by the Moens—Korteweg equation: 
| = (Eh/2Rp)s, 
where £ is the elastic modulus of the tube wall (dynes/cm?), 
p is the density of the fluid, 
h/2R is the relative wall thickness, the ratio of wall thickness (4) to 
the mean diameter (22). 
The relative wall thickness is somewhat greater in the smaller vessels 
(Bergel, 1961) but this increase is not enough, by itself, to account for the 


greater p.w.v. in these arteries. 
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This equation describes the behaviour of waves in a very thin-walled 
elastic tube filled with an incompressible non-viscous fluid, the radius 
being assumed to be very small compared with the wave-length. A full 
account of these factors is given by Lambossy (1950, 1951). ‘The errors 
introduced by this last assumption are mostly very small, but the nature 
of the tube wall and the fluid viscosity are of more importance. The wall 
has been assumed to be an elastic boundary which increases in circum- 
ference alone when the pressure is raised, in effect taking the Poisson’s 
ratio as zero. A further slight error is introduced by using the ratio of wall 
thickness to external radius rather than to the mean radius. An expression 
for the ratio of the true p.w.v. (c) to that obtained from the simple Moens— 
Korteweg equation (c’), in a tube of unaltering length can be derived 
(Bergel, 19606). It is found that 


E 2y(1 — — 20%) + °(1 —o — 20%) — 20? 


where y = h/Re. It can be seen that when the wall is infinitely thin and 
o = 0,c =c’. For arteries where y = 0-1-0-13 an o = 0-5 the p-w.v. 
will be increased by about 12%. 

Wave propagation in a viscous fluid has been studied by Womersley 
(1957 a) and the influence of wall viscosity on phase velocity and damping 
was discussed by Taylor (1959). Using their equations and employing 
the experimentally determined values for wall thickness and dynamic 
modulus, the p.w.v. and damping in these vessels have been computed. 
It is also assumed that the arteries are very stiffly tethered and loaded 
-(Womersley, 19576). This implies that they are unable to move longitudin- 
ally under the influence of the viscous drag from the blood flow. There is 
experimental evidence (Lawton & Greene, 1956) that the longitudinal 
movements of the wall are extremely small, though an untethered tube 
might be expected to show considerable movements (McDonald, 1960). 

Figure 4 shows the computed values for the phase velocity and for the 
transmission (fraction of wave amplitude transmitted) over a distance 
of 10cm. In the presence of reflexions the phase velocity can be consider- 
ably altered but this effect will be less marked for high-frequency, short 
wave-length oscillations (McDonald & Taylor, 1959). The foot-to-foot 
p.w.v. is that of the high-frequency components responsible for the sharp 
inflexion at the foot of the pulse wave and should therefore be compared 
with the phase velocity predicted for the higher frequencies. 

Measured pulse-wave velocities have been fully listed previously (Bergel, 
19606). The following figures give the range of the reported values: 
thoracic aorta, 4-5-7 m/sec; abdominal aorta, 5-5-8-5 m/sec; femoral 
artery, 8-12 m/sec. Though no measurements of carotid p.w.v. have been 
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reported, the in vitro experiments of Bramwell, Downing & Hill (1923) 
suggest that it is similar to that in the femoral. 

The calculated figures are in good agreement with those quoted. The 
predicted velocity in the abdominal aorta is high and that for the femoral 
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Fig. 4. Above: variation of phase velocity with frequency. Below: variation of | 

wave transmission (amplitude of downstream oscillations/amplitude of upstream 

oscillations) over a distance of 10cm. All these curves are computed from the 

: experimental results. The letter at the end of each curve indicates the type of 
V] artery. The range of reported pulse-wave velocities is as follows: thoracic aorta 

4:5-7 m/sec, abdominal aorta 5-5—8-5 m/sec, femoral artery 8-12 m/sec. 


and carotid arteries lies at the bottom of the range, but it has been shown 
that muscular activity will increase the velocity by increasing both Fy,, 
and nw (Hardung & Laszt, 1960; Peterson et al. 1960). There is little direct 
evidence on the rate of damping of the pulse wave, which cannot be 
measured from changes in amplitude if reflexions are present. The trans- 
mission is very low in the thoracic aorta, for in this vessel 10 cm is a 
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considerable fraction of the high-frequency wave-length. Certainly the 
sharp dicrotic notch seen in recordings from this vessel is damped out 
very rapidly. Landowne (1957) has studied the transmission of super- 
- imposed pressure spikes in human brachial arteries; in this case reflexions 
have no effect. Taking reasonable values for the distance separating his 
two recording points and for the dimensions of the artery the predicted 
reduction in amplitude is about 60 %, and this is in fact the reduction seen 
in the reproduced pressure recordings. 


SUMMARY 


1. The visco-elastic properties of dog’s arteries from four anatomical 
sites have been studied by measuring the dynamic pressure—radius 
relationships at frequencies up to 20 c/s. 

2. There is an abrupt increase in the dynamic elastic modulus between 
0 and 2 c/s, and the size of this increase correlates with the muscularity 
of the vessel wall. With increasing frequency the dynamic modulus 
remains essentially constant. 

3. The phase angle between pressure and dilatation is very small (less 
than 10°) and it alters with frequency in a manner different from that 
predicted by the use of simple mechanical models containing elastic and 
viscous elements. 

4. The pulse-wave velocity and the amount of damping have been 
calculated for these arteries. The values reported in the literature compare 
satisfactorily with those computed from the experimental results. 


I am very grateful to Drs D. A. McDonald and M. G. Taylor for much advice and dis- 
cussion, to Mr D. C. Moore and his staff for technical assistance, and to the Royal Society 
_ for the provision of a calculating machine. The digital computer calculations were performed 
by Dr 8. Michaelson of Imperial College, London, to whom my thanks are also due. 
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SOME EFFECTS OF STIMULATION OF THE MUSCLE NERVE 
ON AFFERENT ENDINGS OF MUSCLE SPINDLES, AND 
THE CLASSIFICATION OF THEIR RESPONSES 
INTO TYPES Al AND A2 
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(Received 14 November 1960) 


The afferent discharge from single sense endings in mammalian muscle 
was first recorded by B. H. C. Matthews (1933). He was immediately 
faced with the problem of deducing the nature of any sense ending studied 
from the patterns of discharge in its afferent fibre. He found two distinct 
patterns of behaviour during contraction of the muscle elicited by weak 
stimulation of the mucle nerve, when the rate of discharge of some endings 
slowed (type A endings), while that of others accelerated (type B endings). 
Matthews concluded that the A endings were in the muscle spindles, and 
that the B endings were Golgi tendon organs. This classification has been 
generally accepted by later workers (Hunt & Kuffler, 19516; Granit, 1955), 
and has been strengthened by the finding that only the A endings are 
affected by stimulation of the gamma efferents (Kuffler, Hunt & Quilliam, 
1951; Hunt, 1954). Matthews in addition subdivided the A endings into 
types A 1 and A 2, and suggested that these corresponded to the flower-spray 
(A 1) and annulo-spiral (A 2) endings of the muscle spindle. The discharge 
of the Al endings slowed during muscle contraction, whether twitch or 
tetanic, under all the experimental conditions studied. In contrast, the 
discharge of the A2 endings, though slowed during a submaximal con- 


traction of the muscle, was dramatically accelerated when the stimulus to 


the nerve was increased, an effect which was attributed to excitation of 
the motor nerves to the intrafusal fibres of the muscle spindle. Thus it was 
suggested that contraction of the intrafusal muscle fibres produced 
strikingly different effects on the primary (annulo-spiral) and secondary 
(flower-spray) endings of the muscle spindle, a conclusion which is favoured 
by the different arrangement of these two types of endings within the 
muscle spindle. 

More recent work, however, has cast doubt on the physiological sig- 
nificance of the subdivision of muscle spindle endings into types A 1 and A 2. 


* M.R.C. Scholar, 
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The classification of an ending as a primary or secondary ending may now 
be made independently of its classification into type A and A 2, by measuring 
the conduction velocity of its afferent fibre. For histological observations 
show that the axons forming the primary ending are of greater diameter, 
measured near the spindle, than those forming the secondary endings 
(Ruffini, 1898; Barker, 1948), while electrophysiological experiments show 
that in the muscle nerve the conduction velocities of the afferent fibres of 
muscle spindles range from 20 to 120 m/sec (Merton, 1953; Hunt, 1954), 
and that the reflex connexions of the smaller and larger of these afferent 
fibres are strikingly different (Eccles, Eccles & Lundberg, 1957; Eccles & 
Lundberg, 1959). It is therefore widely accepted that afferent fibres with 
a high conduction velocity come from primary endings and those with a 
low conduction velocity from secondary endings; but in terms of fibre 
conduction velocity the precise position and the sharpness of the division 
between afferents from primary and from secondary endings is not well 
established, though it is probably about 70 m/sec (Hunt, 1954). On the 
_ basis of this classification it has been found that stimulation of single 
gamma motor fibres, which supply solely the intrafusal fibres, can excite 
secondary as well as primary endings (Hunt, 1954; Kuffler et al. 1951). 
In addition the A2 type of discharge is said to have been found both for 
primary (Hunt & Kuffler, 19515) and for secondary endings (Hunt, 1954) 
on stimulating only large or alpha motor fibres. From all this work the 
A2 type of discharge has been attributed not to activation of intrafusal 
muscle fibres but to the chance pull of extrafusal muscle fibres upon 
certain muscle spindles, and the difference between the A 1 and A 2 types of 
discharge has been considered to be fortuitous (Hunt & Perl, 1960). 
There appears, however, to beva difference between the method used 
by Matthews to classify A1 and A 2 endings and that used by Hunt and by 
Kuffler. Hunt & Kuffler (1951la, 6) studied the behaviour of the spindle 
mainly during twitch contractions or during brief tetanic contractions in 
which the tension in the muscle barely reached a steady level; and in 
many cases they stimulated a ventral root filament rather than the 
muscle nerve. Inequalities in the rate or strength of contraction of different 
parts of the muscle might then well lead to the mechanical stimulation of 
some muscle spindles by chance pulls, and in conformity with this it may 
be noted that they recorded discharges of such varied patterns that they 
found it difficult to classify the endings into two clear groups. Matthews, 
onthe other hand, stimulated only the whole muscle nerve and apparently 
relied mainly on the behaviour of the spindle during fairly prolonged 
tetanic contractions, for he showed that the behaviour of an A2 ending 
during a twitch depended greatly upon the initial tension (see his Fig. 14); 
moreover, he found that almost all endings could be sharply classified. In 
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any case Matthews stated that he frequently found an increase in the 
discharge of the A2 ending on increasing the strength of a stimulus which 
was already eliciting a maximal tetanic contraction of the muscle (see 
particularly his Fig. 13), and this cannot readily be attributed to the pull 
of extrafusal muscle fibres on the spindle. It may be doubted, therefore, 
whether Hunt & Kuffler were invariably studying the same phenomenon 
as Matthews. The question then arises as to whether or not the slightly 
supramaximal stimuli used by Matthews excited the gamma motor fibres, 
for on the basis of more recent work (Leksell, 1945; Kuffler e¢ al. 1951) 
on the relative thresholds of « and y motor nerve fibres it might be sug- 
gested that his stimuli were too weak to have done so. Matthews’s results 
might then perhaps be attributed to the specific activation of the spindle 
by some group of nerve fibres which were larger than the y fibres, for the 
existence of such a motor supply to the spindle has recently been suggested 
(Granit, Pompeiano & Waltman, 1959a, b; Boyd, 1959). 

Thus the classification of muscle spindle endings into groups Al and A2 
has not been satisfactorily explained, and still presents certain interesting 
features. Matthews’s experiments with tetanic stimulation of the muscle 
nerve have therefore been repeated to see whether his classification can 
be confirmed, and in order to compare the thresholds of the stimuli 
required to elicit A2 responses with the threshold of the y motor fibres 
determined under similar experimental conditions. As described in a 
preliminary communication (Harvey & Matthews, 1960) it has been found 
that virtually all muscle spindle endings can give an A2 response and that 
this can be attributed to the excitation of y motor fibres, though in some 
cases ‘a-excitation’ of the ending similar to that analysed by Hunt & 
Kuffler was also observed. Some of the observations are also of interest 
in relation to current problems of the innervation of the muscle spindle. 


METHODS 


Preparation. The experiments were performed on twelve cats. Eleven were anaesthetized 
with pentobarbitone sodium (Nembutal; Abbott Laboratories) given intraperitoneally, 
and one was decerebrated. The discharge of single muscle spindle endings lying in the 
soleus muscle was recorded under paraffin from thin dorsal root filaments, exposed by lumbar 
laminectomy and split under a dissecting microscope. Soleus was completely isolated from 
the spinal cord by cutting the L6, L7, 81, S 2 dorsal and ventral roots, except in the case 
of the decerebrate cat in which part of one ventral root unfortunately escaped section (as 
the behaviour of the six endings then studied was typical the results were included in the 
series). Isolation of single units was aided by widespread denervation of leg and hip muscles. 
Muscle spindle afferents were identified by the slowing of their discharge occurring during 
a submaximal twitch of soleus elicited by stimulating its nerve. The conduction distance 
was determined at the end of the experiment by dissecting out the sciatic nerve with its 
attached dorsal roots. In calculating the velocity no correction was made for any possible 
utilization time intervening between the beginning of the 0-1 msec stimulating pulse and the 
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initiation of the action potential. One possible source of error in this determination was 
observed for smaller afferent fibres with relative high thresholds to electrical stimulation. 
These were sometimes excited ephaptically by the muscle action potential (Lloyd, 1942; 
Granit et al. 1959b) when the stimulus was too small to excite them directly, and thus 
appeared to have an unduly long conduction’ time (cf. Lundberg & Winsbury, 1960). This 
artifact was readily recognizable, as on progressive increase of the stimulus strength the 
conduction time suddenly shortened to its true value. 

Altogether 105 endings were studied, but they were not all studied under a full range of 

experimental conditions. The series probably contains too many primary endings in relation 
to their frequency of occurrence in the muscle, even though particular care was taken to 
obtain endings with slowly-conducting afferent fibres; but the series undoubtedly contains 
muscle spindle afferent endings of all kinds as the conduction velocities of the afferent 
fibres studied were well scattered between 23 and 116 m/sec (see Fig. 3, and Hunt, 1954). 
Following Hunt (1954), and in order to facilitate description of the results, a conduction 
velocity of 72 m/sec has been arbitrarily taken as the dividing line between afferents from 
primary and afferents from secondary endings. | 

Myography. The leg of the cat was held rigidly by pins in each end of the tibia. The pelvis 
was steadied by pins in the iliac crests. The tendon of the soleus muscle was dissected free 

) from that of gastrocnemius and was connected by a rigid link to an isometric myograph. 
The myograph utilized a mechano-electric transducer valve (RCA 5734) the output of which 
was amplified and displayed on a cathode-ray tube. The soleus was separated from the lower 
part of gastrocnemius, which was denervated, and the skin was sewn back over the muscles, 
leaving the tendon protruding. The temperatures of the muscle, of the paraffin pools and 
of the cat were usually in the range 36—38° C. 

Stimulation: The nerve to soleus was dissected out of the lateral head of gastrocnemius 
through which it runs and was covered by liquid paraffin contained by flaps of skin and 
muscle. The stimulating electrodes were applied to the nerve 1-2 cm away from its point 
of entry into the soleus, and with the cathode closer to the muscle than the anode. The 
electrodes consisted of a pair of silver wires separated by about 5mm. The stimuli were 
square pulses of 0-1 msec duration and were isolated from earth by being delivered through 
a transformer. The intensity of the stimuli was controlled and determined by means of 
a calibrated potentiometer. Probably because of the presence of stray connective tissue it 
was sometimes found that small movements of the nerve on the electrodes produced 
appreciable changes in the effectiveness of the stimulus. To circumvent this difficulty 
frequent determinations were made of the threshold of the « motor fibres to single stimuli 
(by observing the contraction of the muscle), so that comparisons of the strength of stimuli 
delivered at different times could be made in terms.of their relation to the « threshold rather 
than in absolute units. The absolute value of the threshold of the « motor fibres was always 
appropriately low and varied from 35 to 160 mV in different experiments. The strength of 
stimulus required to produce a maximal contraction of the muscle. was also frequently 
checked. 

Recording. The action potential of the afferent fibre studied was amplified by conventional 
means and, in order to facilitate its observation during a tetanic contraction, was displayed 
on two separate cathode-ray tubes. One tube had a sweep lasting 2-3 sec and the tension 
developed by the muscle was displayed on its second beam. This record gave a general 
picture of the time relations between the discharge of the ending and the contraction of 
the muscle. The second tube had a sweep lasting about 50 msec and allowed the time rela- 
tions between the stimulating pulses and the action potentials to be determined. This tube 
received triggering pulses from the stimulator, arranged so that during and only during the 
period that the nerve was being stimulated the beam was sweeping repetitively with the 
stimulus artifacts occurring at constant points on the tube face. During a 0-8 sec period of 
tetanic stimulation 10-15 of these repetitive traces were superimposed in a single photo- 


a 
| 
> 
‘ 


474 R. J. HARVEY AND P. B.C. MATTHEWS 


graphic record, alongside a record of the cathode-ray tube with the slow sweep. This method 
of display was used largely because it was economical of recording paper. When necessary 
the cathode-ray tube sweeps were stopped and records were taken on photographic paper 
moving at 18 cm/sec, using about ten times more recording paper. During observations on 
any one ending a 0-8 sec train of stimulating pulses was delivered every 10sec. Between 
consecutive records either the intensity or the frequency of the stimulus could be altered 
while the camera moved on. This pattern of stimulation was continued for periods of 1-2 min 
without any significant signs of fatigue of the muscle or of the ending. The natural stimulus 
artifact was usually very small and so an artificial stimulus artifact was frequently introduced 
into the action potential records on one or both cathode-ray tubes. Most endings were 

studied both with the muscle just taut (tension under 50 g) and with the muscle extended 
to within a few mm of its physiological full extension (tension up to 500 g), except for some 
secondary endings with high thresholds for tension, which were only studied under appreci- 
able tension. Stimulus frequencies of 1, 30, 50, 70, 100/sec were regularly used at three 
different intensities of the stimulus. The intensities used were first, sufficient to produce 
a half to three-quarters maximal contraction of soleus; secondly, about 120-140 % of that 
required to produce a maximal contraction; and thirdly, about ten times that required to 
produce a threshold contraction of the muscle (about seven times maximal). Lower fre- 


quencies of stimulation and intermediate values of stimulus intensity were also employed 


on Many occasions. 


RESULTS 
Response to tetanic stimulation 


In all but two of the ninety muscle spindle endings studied in this 
respect tetanic stimulation of the muscle nerve with shocks strong enough 
to excite the y motor fibres elicited an A 2 type of response, provided that 
the initial tension and the frequency of stimulation were appropriately 
adjusted. The afferent fibres studied had conduction velocities ranging 
from 23 to 116 m/sec, and it may therefore be concluded that the A2 
response is given both by the primary and by the secondary endings of 
the muscle spindle (Hunt, 1954). Figure 1 shows a typical A2 response 
from a primary ending. The top traces (a) show the tension developed in 
soleus on stimulating. its nerve with shocks slightly supramaximal for 
eliciting a contraction. Immediately beneath the myographic traces, and 
recorded on the same sweep speed, lie the records of the responses of the 
single muscle spindle afferent fibre, recorded from a dorsal root filament. 
During the twitch contraction the discharge of the muscle spindle ending 
ceased. During the tetanic contraction, though nerve impulses were still 
recorded, they were not set-up at the ending but were due solely to the 
direct electrical stimulation of the afferent fibre studied. This is shown by 
the superimposed traces c, which record the discharge of the afferent fibre 
during the period of stimulation with a high-velocity sweep locked to the 
stimulus. It can be seen in this record that all the spikes’ follow the 
stimulus artifacts with a short constant latency. Traces d, e, and f were 
recorded similarly to a, b, and c, but were taken when the stimulus strength 
was considerably supramaximal. In this case, during the tetanic contrac- 


ti 


Ag 
‘ 
i 
| 
+ 
v 
a 
of 
& 
th 
{ 
» 


MUSCLE SPINDLES AND NERVE STIMULATION 475 


tions, there are numerous impulses in addition to those set up by the direct 
electrical stimulation of theafferent fibre, and these must have been initiated 
at the nerve ending within the muscle spindle. Figure 2 shows a similar 
response from a secondary ending on increasing the strength of the stimulus. 


A 


1/sec -30/sec 70/sec 


Fig. 1. An A2 response given by a primary ending (afferent fibre conduction 
velocity 103 m/sec). A, absence of A2 response on slightly supra-maximal stimula- 
tion of muscle nerve (stimulus 1-5 times « threshold). B, presence of A 2 response on 
greatly supramaximal stimulation (stimulus 10 times x threshold). a, d, myographic 
records of tension in soleus; b, e, action potentials of single afferent fibre; these 
four traces are all on the same slow sweep speed (see upper time scale). ¢, f, super- 
imposed traces showing the action potentials of the single afferent fibre occurring 
during the period of stimulation, but recorded at a high sweep speed (see lower 
time scale) and with the sweep locked to the stimulus. Stimulus artifacts were 
introduced artificially into the high-speed records, where they form the downward 
deflexion ; the upward deflexions are action potentials in all records. (Initial tension 
approximately.10 g. Records retouched.) 


Such results were typical and were found for every one of the 55 primary 
endings and for all but two of the 35 secondary endings studied with 
tetanic stimulation. The only acceptable interpretation of such a result 
is that the stronger stimuli excited fusimotor nerve fibres, with a consequent - 
stimulation of the afferent endings of the muscle spindle. ‘The findings thus 
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_confirm previous work showing, by means of stimulation of single y motor 
fibres, that both the primary and the secondary endings of the muscle 
spindle may be so excited (Kuffler et al. 1951; Hunt, 1954). 


A 


2kg 


1 sec 
B 20 msec 


Fig. 2. An A2 response given by a secondary ending (afferent fibre conduction — 
velocity 45 m/sec). A, absence of A 2 response on moderately supramaximal stimula- 
tion of muscle nerve (stimulus 2-5 times « threshold). B, presence of A2 response 
on greatly supra-maximal stimulation (stimulus 12-5 times « threshold).. a, d, 
myographic records of tension; b, e, action potentials recorded on same slow sweep 
speed as myographic records; c, f, superimposed traces on a high sweep speed of the 
action potentials occurring during the period of stimulation. Stimulus artifacts .. 
present only in the high speed records, where they form the downward deflexions. 
Initial tension 150g. (Records retouched.) 


In many cases, however, it proved more difficult to produce the A2 
response from secondary than from primary endings. Also the A2 response 
of the secondary endings was in general rather weaker than that of the 
primary endings. For example, in Figs. 1 and 2 it can be seen that the 
time interval between the direct spike elicited by the stimulus and the 
subsequent spike initiated at the ending was appreciably longer for the 
secondary ending, and such a difference was common. In addition, 
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whereas primary endings usually gave an A2 response at initial tensions 
of under 50 g, secondary usually only gave an A2 response if the initial 
- tension on the muscle was 50-300 g, and in six cases tensions of 300-900 g 
were required. (For example, the ending of Fig. 2 did not show an A2 
response when the initial tension was 30 g.) For both primary and second- 
ary endings the A2 responses usually became more marked on increasing 
the initial tension. In both cases, also, increasing the frequency of stimula- 
tion increased the intensity of the excitation of the ending, as judged by 
a decrease in the time interval from the direct spikes to those evoked at 
the ending (Figs. 1 and 2); and in the case of a few secondary endings an 
A2 response was only found on stimulation at 50/sec or above. 
_ On stimulation at frequencies below 20/sec weak excitation of the ending was sometimes 
observed, but its detection was hindered by the mechanical effects of the unfused tetanic 
contraction of the extrafusal fibres. Frequencies of stimulation above 100/sec were only 
employed occasionally, as the consequent increase in the number of spikes elicited directly 
by the stimulus tended to mask the A2 response. Most of the endings studied showed an 
A2 response with all the frequencies of stimulation used (usually 30, 50, 70 and 100/sec, 
often also 20/sec), but two secondary endings only gave an A2 response on stimulation at 
70 and 100/sec and two others gave an A2 response at 50,70 and 100/sec, but not at 30/sec. 
In these four cases only one initial tension was studied. Three other secondary endings and 
two endings just’ falling in the primary group (afferent fibre conduction velocity 73 m/sec 
in each case) behaved similarly at one initial tension, but also gave an A2 response at 30/sec 
stimulation when the tension was increased. 

The fact that the A2 response was not detected under some conditions 
of initial tension and frequency of stimulation, even when using strong 
stimuli, suggests that the excitatory effect of the intrafusal contraction 
was too weak to be detected in the face of simultaneous direct electrical 
stimulation of the afferent fibre studied. Each one of the impulses thereby 
excited would travel antidromically to the ending and reset its rhythm 
(Matthews, 1933) so that the discharge of the ending could only be 
detected when it was of higher frequency than that of the electrical 
stimulus (except for a few cases of secondary endings with axons con- 
ducting at about 30 m/sec whose A2 threshold was slightly below that of 
the afferent fibre). In addition, before producing any excitatory action 
the intrafusal contraction must cause sufficient shortening to overcome 
the unloading of the spindle due to the contraction of the extrafusal 
muscle fibres. 3 

Thus the finding of two secondary endings which did not show the A2 response under 
any of the conditions studied cannot be taken to mean that no intrafusal effect was present. 
Indeed, the occurrence of some weak y excitation was strongly suggested in one of these 
cases by the finding that on increasing the stimulus strength to considerably above a 
maximum the ending fired more rapidly at the beginning of the relaxation of the tetanic 
contraction than it did with weaker stimuli (cf. Matthews, 1933). Other endings with axons 
of similar conduction velocity (34 and 42 m/sec) did show an A2 response. 


= 


478 R. J. HARVEY AND P. B.C. MATTHEWS 


Values of the threshold strength of the stimuli required to produce 
the A2 response 


‘On progressive increase of the strength of the tetanic stimulus to the 
muscle nerve the A2 response appeared at a definite and repeatable 
threshold. This presumably corresponded to that of some particular motor 
nerve fibre supplying the intrafusal muscle fibres of the ending studied. 
The value of the thresholds of the motor fibres exciting different muscle 
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Fig. 3. The distribution of the A2 thresholds of 84 endings. Abscissa, conduction 
velocity of the afferent fibre of the ending; ordinate, threshold strength of stimulus 
required to elicit an A 2 response for the ending. The stimulus strength is expressed 
in terms. of the threshold of the most excitable « moior fibres of the same prepara- 
tion. A stimulus of 1-6 times « threshold sufficed in all cases to produce a maximal 
contraction of the muscle. 


spindle endings is of interest in relation to current suggestions, based on 
histological observations, that there are different kinds of intrafusal muscle 
fibres, with different relations to the primary and the secondary afferent 
endings, and with motor endings of different types (Barker & Ip, 1960: 
Boyd, 1959; Cooper, 1960; Cooper & Daniel, 1956). The threshold was 
expressed in terms of the threshold of the « motor fibres determined at 
the same time (by observation of the muscle contraction) so that the 
results of different experiments could be compared. The determination 
was made with a frequency of stimulation of 70/sec (rarely 50 or 100/sec), 
as at this frequency the occasional weak excitatory effect of stimulating 
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a fibres (see later) was masked by the impulses directly excited by the 
electrical stimulus, while this frequency also favoured the y excitation of 
the ending. The initial tension was not closely controlled for this determi- 
nation; for primary endings it was usually 50-150 g, while for secondary 
endings rather higher tensions were sometimes necessary (vide swpra). The 
_ distribution of the A2 thresholds of 84 endings (54 primary, 30 secondary) 
is shown in Fig. 3, where the strength of the stimulus required to produce 
an A2 response is plotted against the conduction velocity of the afferent 
fibre concerned. A maximal contraction of the muscle was produced by 
stimuli varying in different preparations from 1-2 to 1-55 times « threshold 
(maximal response was gauged by size of twitch). The lowest threshold 
found for an A2 response was 1-7 times « threshold, and there were only 
four values below 2-0, so that all the A 2 thresholds plotted can be attributed 
to excitation of motor fibres with a higher threshold to electrical stimula- 
tion than the « fibres. At the end of eight of the twelve experiments the 
relative thresholds of the different sized motor fibres were sought under 
existing experimental conditions by recording monophasically their com- 
pound action potential from the peripheral end of an appropriate cut 
ventral root (L.7 or § 1) on stimulating the nerve to soleus. The stimulating 
electrodes remained undisturbed in the position used when studying the 
single afferent fibres, but the nerve was crushed at its point of entry into 
the muscle in order to eliminate the ‘back-response’ (Leksell, 1945; 
Brown & Matthews, 1960). The threshold of the least detectable y wave 
was 2-1-2-4 times « threshold in five experiments, 1-8 and 1-6 times « 
threshold in two other experiments; in one experiment the y wave was 
so small that it could not be detected with certainty and its threshold 
could not be determined. These low-threshold y fibres had conduction 
velocities, calculated from the shock-response interval and the conduction 
distance, of 40-45 m/sec. It may be concluded that all the A2 responses 
_ can be attributed to excitation of y motor fibres. 


The y wave was identified by its occurrence after the « wave (though it sometimes fell 
in the after-potential of the « wave), and by its requiring a stronger stimulus than that 
required to produce an « wave of maximum amplitude (Leksell, 1945). The detection of the 
threshold of the y wave was facilitated by recording it at five to ten times the amplification 
used for the simultaneously recorded « wave, and also by superimposing the traces of 
several sweeps photographically. The determination of the y threshold was usually made 
with a stimulus frequency of 2 or 5/sec, but no difference in threshold was found on the one 
occasion on which the frequency was increased to 70/sec. The form of the « wave was not 
' carefully studied, and the sweep speed used was not high enough to enable small changes — 
in its falling phase to be detected on increasing the stimulus strength. 

Crushing the nerve to eliminate the ‘back-response’ sometimes produced a temporary 
lowering of the threshold of the « fibres, presumably because of the flow of injury current, 
but observations on threshold were usually made when the threshold had returned to 
roughly its previous value. A single observation suggested that slight changes might occur 
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in the relative thresholds of « and y fibres as a result of crushing, but because of the difficulty 
of studying the y wave in the presence of the back-response no systematic observations were 
made of its threshold in the intact nerve. In another experiment the effect of the proximity 
of the stimulating electrode to the crushed end was investigated by determining the relative 
thresholds of the « and y fibres, both before and after moving the electrodes 0-5 cm. This 
procedure made little difference to the relative thresholds and a similar result was obtained 
when several positions of the stimulating electrode were studied in an experiment on the 
nerve to the medial head of the gastrocnemius. It is felt, therefore, that the effect of 


4-4 59 8°8 

Fig. 4. Records showing the progressive prolongation of the y wave on increasing 
the stimulus strength. The compound action potential of the soleus motor fibres was 
recorded monophasically from the L7 ventral root on stimulating the soleus nerve. 
Records were taken simultaneously at two different amplifications in order to 
favour the display of either the y wave (above) or the « wave (below). The stimulus 
strength, in terms of « threshold, is given below each pair of records. (Each record 
consists of about 15 superimposed traces. Stimulus artifacts introduced into low- 
gain traces, but not into high-gain traces. Records retouched.) 


crushing is unlikely to have invalidated the results, but that no great significance should | 


be attached to the precise value of the y threshold relative to the « threshold or to the 
difference of the y threshold found in the different experiments. 

The values, relative to « threshold, of the stimuli required to give a maximal a wave or 
a threshold y wave are both rather lower than those found by Leksell (1945). This difference 
is probably partly due to the fact that Leksell did not study the soleus nerve. This nerve 
differs from many other motor nerves in that the « motor fibres are smaller than usual, while 
the y motor fibres are not (Eccles & Sherrington, 1930). Such an explanation is favoured by 
our finding in five experiments on the nerve to the medial head of gastrocnemius that the 
values of y threshold and of « maximum tended to be higher relative to the « threshold than 
in soleus nerve (y threshold 1-8, 2-5, 2-6, 2-8, and 3:3 times « threshold; « maximum 1-2, 
1-8, 1-8, 1-8 and 2-0 times « threshold) ; but the values obtained were lower than that found 
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by Leksell for a single experiment on this nerve (y threshold 4-0; « maximum 3-3). There 
were probably, however, differences in the stimulating arrangements used in the two sets 
of experiments. | 
Figure 3 shows that the A2 thresholds of different endings differed 
considerably, but that there was no sharp discontinuity between the 
distribution of the A2 thresholds of the primary and secondary endings. 
In both cases many endings gave an A2 response with stimuli at or below 
three times « threshold, showing that they were excited by low-threshold 


Stimulus intensity 
(multiples of a threshold) 


0 
Conduction velocity (m/sec) 


Fig. 5. The strengths of stimuli needed to excite y motor fibres of different con- 
duction velocities in the experiment of Fig. 4. Abscissa, conduction velocity of 
various parts of the y wave; ordinate, strength of stimulus, in terms of « threshold, 
required to excite different parts of the y wave. The two points at each conduction — 
velocity correspond to the stimulus required to excite the least detectable y wave 
and that required to excite a maximal y wave of that velocity. (The records used 
for measurement were taken at a higher sweep speed than those illustrated in 
Fig. 4.) | 


y fibres. In both cases also a few endings had A2 thresholds above five 
times « threshold, showing that they were excited by high-threshold 
y fibres. Leksell (1945) showed that the more slowly conducting y fibres 
had a higher threshold to electrical stimulation than did the more rapidly 
conducting y fibres. This was confirmed for the present conditions of 
stimulation and Figs. 4 and 5 show the relation between the electrical 
threshold and conduction velocity of various parts of the y wave found in 
one experiment. Six other experiments gave similar results, though in 
only one of them was this wide range of stimulus strengths employed, 
either because in these cases the strong stimuli ‘spread’ so as to excite the 
cut nerve fibres from the lateral head of gastrocnemius, or because the 
tail of the y wave was not clearly detectable. In order to discuss the 
significance of the A2 thresholds the results expressed in Fig. 5 have been 
taken to apply approximately to all the experiments. Thus stimuli of 
three times « threshold excited y fibres with conduction velocities of 
30-48 m/sec, corresponding to fibre diameters of 5-8, (Hursh, 1939). 
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Stimuli above five times « threshold excited y fibres with conduction 
velocities below 25 m/sec, corresponding to fibre diameters of less than 4 p. 

It is known, of course, that a single ending can usually be excited by 
several different y fibres (Hunt & Kuffler, 1951a; Whitteridge, 1959). 


Fig. 6. An example of y excitation which was subthreshold for the production 
of an A2 response (primary ending, afferent fibre conduction velocity 94 m/sec). 
a, myographic records of tension in soleus; }, action potentials of afferent fibre 
recorded on same slow sweep speed as myographic records; c, superimposed 
traces on a high sweep speed of the action potentials occurring during the period 
of stimulation. Frequency of stimulation 70/sec in all cases. Intensity of stimula- 
tion, in terms of « threshold, marked below each set of records, and appreciably 
supramaximal for the contraction in all cases. The weakest stimuli (left) directly 
excited the afferent fibre of the ending, and after the last spike so excited only one 
impulse occurred on the falling phase of the contraction. In addition, the first 
stimulus of the train excited an ‘early discharge’ of two impulses, the second 
being smaller than the first because it followed it so closely, and this was also 
seen with the stronger stimuli. The intermediate strength stimuli (centre) were 
followed by a burst of impulses on the falling phase of the contraction, thereby 
demonstrating y excitation of the ending; but there was no A 2 response during the 
period of stimulation. The strongest stimuli (right) caused a typical A 2 response 
followed by a greater burst of impulses on the falling phase of the contraction. 
(Stimulus artifacts downward and present in all records. Initial tension, 70 g. 
Records retouched.) 


The y fibre whose recruitment on increasing the stimulus just suffices to 
produce an A2 response from a particular ending need not be the lowest- 
threshold y fibre affecting that ending, for weak excitatory effects on an 
ending might pass undetected, as already discussed. In a few cases it was 
clearly apparent, on subsequent inspection of the records, that the ending 
had indeed been excited by a y fibre of lower threshold than that whose 
excitation produced the overt A2 response. For increasing the strength 
of stimulus already supramaximal for the « fibres caused the ending to 
fire for a short time after the last of a train of stimuli, while there was no 
such discharge with weaker stimuli. A striking example is illustrated in 
Fig. 6. (Such effects were usually less prominent, as most endings 
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at a definite threshold strength of stimulus and so may be attributed to the 


excitatory effects of four different y fibres were so distinguished and four 
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discharged on the falling phase of the contraction with all strengths of 
stimulation.) In addition, in a few experiments when the initial tension 
on the muscle was increased the A 2 threshold of the ending fell to a new, 
lower value, possibly because the excitatory effect of a lower-threshold 
y fibre was then sufficiently facilitated by the stretch to cause an A2 
response without the assistance of the higher-threshold y fibre. Thus it is 
probable that many of the endings which gave an A2 response only on 
stimulation of small y fibres were also excited by larger y fibres. 


1 sec 10 msec 
1 
27 3-2 5:0 6°6 


Fig. 7. An example of an increasing excitatory effect on an ending on increasing the 
strength of the stimulus above the A2 threshold. (Primary ending, afferent fibre | 
conduction velocity 100 m/sec.) a, myographic records; 6b, action potentials at 
same slow sweep speed as myographic records; c, superimposed traces on & high 
sweep speed of the action potentials occurring during the period of stimulation. 
Frequency of stimulation 70/sec in all cases. All stimuli were appreciably supra- 
maximal for contraction; their strength, in terms of « threshold, is shown below 
each set of records. The weakest stimuli (left) were below the A2 threshold and 
only excited spikes by direct stimulation of the afferent fibre. All the stronger 
stimuli excited an A 2 response, but increasing the strength of the stimuli shortened 
the interval at which impulses initiated at the ending followed the direct spikes. 
(Stimulus artifacts downward in all records. Initial tension, 45g. Records 
retouched.) 


It was also observed that many of the endings which gave an A2 
response on stimulation of large y fibres were further excited by smaller 
y fibres, for on increasing the stimulus strength beyond the A2 threshold 
a more marked A2 response was produced, and the latency between the 
direct spikes and those initiated at the ending decreased. An example of 
this is shown in Fig. 7, where in each case the increased effect occurred 


recruitment of an additional y fibre. For one ending the cumulative © 


different ‘incremental thresholds’ determined. In no’ case was the A2 
response found to become less marked on increasing the stimulus 
strength. | 

For a number of endings care was taken to determine the value of one 
of these ‘incremental thresholds’, because it seemed important to demon- 
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strate unequivocally that primary endings are regularly influenced by 
smaller y fibres. (Only 3 of the 54 primary endings in Fig. 3 have A2 
thresholds above 5 times « threshold, and these were all studied in a single 
experiment.) The results are shown in Fig. 8, where again the A 2 thresholds 
of the 84 units of Fig. 3 have been plotted, but when an ‘incremental 
threshold’ of 4-0 or over was observed (29 cases) its value has been plotted 
in place of the threshold intensity for the A2 response. From this graph 


bd 
8- 

38 
3 6- 

Qa 
24- eee 
+ 
2 

0 20 40 60 80 100 120 


Conduction velocity of afferent fibre (m/sec) 


Fig. 8. The distribution for 84 endings of the threshold strengths of the stimuli 

_ producing either an A 2 response, or a definite increase in the magnitude of the A2 
response (29 cases). Only one point has been plotted for each ending, and that 
was the highest value obtained. Abscissa, conduction velocity of the afferent fibre 
of the ending; ordinate, stimulus strength in terms of the « threshold. (The two 
values plotted as 10-0 times « threshold were actually slightly higher. Fig. 3 
shows all the A2 thresholds of these 84 endings.) 


it may be concluded that both primary and secondary endings may be 
excited by y fibres of a wide range of thresholds corresponding to diameters 
from 4 to 8p, or practically the whole of the y range. (Incremental 
thresholds of over 10 times « threshold were not sought, partly because, 
with the present recording arrangement, we were not able reliably to 
detect small increases in the degree of spindle excitation when they were 
superimposed on an already large excitatory effect.) Thus the present 
experiments provide evidence against any suggestion that the y fibres can 


be divided into two groups differing both in size and in their action on © 


primary and secondary endings, and the question of the innervation of the 
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histologically distinct types of intrafusal fibres remains for more direct 
experimental study. 


Response to supramaximal stimulation with single shocks 

In the first seven of the twelve cats studied rather little attention was 
paid to the behaviour of the endings during twitch contractions, though 
the twitch contractions were regularly recorded on a slow sweep speed, 
as illustrated in Figs. 1 and 2. Such records showed that the discharge of 
most endings ceased on the rising phase of the twitch, even though a 
marked A2 response occurred at the same initial tension and the same 
strength of stimulus on repetitive stimulation (Fig. 1). (During the falling 
phase of the twitch some endings fired a burst of impulses with all strengths 
of stimuli, other endings were silent.) Such behaviour on the rising phase 
was described by Matthews (1933) and is not surprising in view of the slow 
rate of contraction of intrafusal muscle fibres and of their relative un- 
responsiveness to single-shock stimulation of y motor fibres (Kuffler et al. 
1951; Eyzaguirre, 1960). Matthews also sometimes found that on in- 
creasing the initial tension supramaximal stimulation caused the silence 
of the A2 endings on the rising phase of the twitch to be replaced by an 
acceleration of the discharge. Such an acceleration may, however, 
apparently be produced by stimulating « fibres alone (Hunt & Kuffler, 
1951b; Hunt, 1954; also observed in the present experiments); and in 
addition « fibre stimulation may excite an ‘early discharge’ of the spindle 
afferent at the foot of the contraction (Hunt & Kuffler, 19516; Granit e¢ al. 
19596). In view of these complications, and as Matthews’s classification 
had been based primarily on the behaviour of the ending during tetanic 
stimulation, we did not initially feel that it was profitable to attempt to 
make endings fire on the rising phase of the twitch, and thereby to confirm 
the results obtained with tetanic stimulation. Very recently, however, 
Diete-Spiff (1960) in preliminary experiments on the rabbit found that 
while, with the aid of partial neuromuscular block with succinylcholine, 
all primary endings could be made to fire on the rising phase of a twitch, 
secondary endings could never be made to do so, though after giving 
succinylcholine they could be excited by tetanic stimulation to give 
responses of an A2 type. He related this to the histological work of Boyd 
(1959) suggesting that secondary endings lie almost exclusively on small 
intrafusal muscle fibres which were presumed to give only non-propagated 
contractions. In the last five experiments we therefore studied more 
carefully the behaviour of both secondary and primary endings an | 
the twitch. 

Secondary endings. By using strong stimuli and an appreciable initial 
tension we found that 11 out of 24 secondary endings studied in this manner 
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could be excited to fire one or two impulses on the rising phase of the 
twitch. A typical example of such excitation is shown in Fig. 9. The 
effect has a threshold in the y range and can be attributed to excitation of 
y motor fibres; it cannot be attributed to repetitive firing of the afferent 
fibre induced by the electrical stimulus for the duration of this was 
0-1 msec. The threshold was not regularly determined, but it tended to 
be higher than the A2 threshold determined with repetitive stimulation, 
though it was not always as high as that for the ending of Fig. 9. The 
demonstration of excitation of the ending on the rising phase of the twitch 
was favoured by increasing the initial tension. Six secondary endings 


were excited at initial tensions of less than 300 g, while five other endings 


Wei T 


Fig. 9. The response during twitch contractions of a secondary ending (afferent 
fibre conduction velocity 53 m/sec) which discharged on the rising phase of the 
contraction when the stimulus was strong. Above, myographic records; below, 
action potentials recorded on the same sweep speed. A, resting discharge at the 
initial tension of 350 g; B, stimulus 4 times « threshold; C, stimulus 13 times « 
threshold. (Records retouched.) 


required initial tensions ranging from 350 to 830g. The remaining 13 
secondary endings studied did not show the effect even with strong 


stimuli when tested with initial tensions of between 300 and 800 g. The © 


effect was best shown when the stimulus was regularly repeated at a rate 
of 1 or 2/sec, and was often absent from the first of a train of twitches. 
The conduction velocity of the afferent fibres of the secondary endings 
which fired on the rising phase ranged from 23 to 65 m/sec, while for those 
which were silent it ranged from 34 to 66 m/sec. 

Primary endings. In contrast with the above results not one of 18 
primary endings studied under similar conditions produced any y-evoked 
impulses on the rising phase of the twitch with stimuli of 14 times « 
threshold and initial tensions of about 300 g, approximately corresponding 
to full physiological extension. (Some had ‘early discharges’ occurring 
at the foot of the contraction, and one fired a single spike on the rising 
phase, but both these effects were produced by stimuli too weak to have 
excited y fibres.) For 15 of these endings it was confirmed that they gave 
normal A 2 responses on repetitive stimulation; moreover it was apparent 
for 9 of them that the single shock stimulation of the y fibres had produced 


— 
tang 
G 
% 
| 


MUSCLE SPINDLES AND NERVE STIMULATION 487 


a slight excitatory effect, for the first impulse to be fired on the falling phase 
of the twitch occurred just perceptibly earlier (about 5 msec) when the 
stimulus was greatly supramaximal. A number of these endings were 
tested at initial tensions of up to 500 g without firing on the rising phase. 
When two were tested at an initial tension of 1 kg one ending fired on the 
rising phase but the other did not. No doubt more primary endings could 
have been induced to fire on the rising phase of the twitch by using such 
large tensions, but this seemed of little value and might have damaged the 
muscle. (A tension of 1 kg approximately halved the twitch tension, and 
stretched the muscle well beyond its physiological range.) The interesting 
finding is that the primary endings of soleus are, in comparison with the 
secondary endings, extremely reluctant to fire on the rising phase of the 
twitch; while with tetanic stimulation it is generally easier to demonstrate 
the excitatory effect of y fibre stimulation upon primary than upon 


endings. 


Additional results relating to the possible existence of ' a-innervation’ 
of muscle spindles 


The question whether or not some muscle spindles are innervated by 
motor nerve fibres of « diameter is at present controversial. While it. is 
generally agreed that stimulation of « fibres without y fibres may excite 
some spindles, the significance of this observation is in doubt. Hunt & 
Kuffler (19516) and Hunt (1954) distinguished two types of ‘«-excitation’ 
of both primary and secondary endings. The first consisted of very varied 
patterns of discharge of the ending during the rising phase of twitch or 
brief tetanic contractions. Such discharges were found only when the 
muscle was under high initial tension, and were attributed to ‘tension 
changes on the spindle produced by the contraction of extrafusal muscle 
fibres’. Secondly, they described the ‘early discharge’ occurring at the 
foot of the contraction and attributed it to the stimulating effect on some 
spindles of ‘early tension changes within the muscle’, and not to any 
specific innervation to the spindles. More recently Granit et al. (19596) 
suggested that the early discharge might consist of two separate com- 
ponents, an initial spike of short latency attributable to ephaptic excitation 
of the ending (or its afferent fibre) by the muscle action potential, and 
later spikes attributable to stimulation of the ending by a specific « motor 
supply to the spindle. In the present experiments both types of ‘a- 
excitation’ have been periodically observed for both primary and secondary 
endings on stimulating the nerve with shocks too weak to have excited 
y motor fibres. We do not feel that experiments such as ours can resolve 
the problem of their interpretation, but certain findings are of interest in 
this respect. 
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Early discharges. The ‘early discharge’ was seen in slightly under half the endings studied. 
It consisted of 1-4 impulses, was maximally developed with stimuli just maximal for « fibres, 
and did not increase further on increasing the stimulus so as to excite y motor fibres. 
Secondary endings with axons conducting at below 45 m/sec only occasionally had an 
‘early discharge’, and this never consisted of more than one impulse. Otherwise an ‘early 
discharge’ was about equally common for primary and for secondary endings. The ‘early 
discharge’ was much better shown on stimulation with single shocks, than on repetitive 
stimulation. On stimulation at 30/sec only two cases were observed in which more than the 


Stimulus 0 


g 
50/ sec | 


100/sec 


Fig. 10, Four pairs of records showing the typical slight effect, on the intensity 
of ‘x-excitation’ of an ending, of altering the frequency of stimulation (primary 
ending, afferent fibre conduction velocity 98 m/sec). The records show the resting 
discharge (top), and the last part of tetanic contractions elicited by three different 
frequencies of stimulation. In each case the myograph record is above, and the 
action potential record below; they were recorded simultaneously on moving paper. 
The stimulus intensity was in all cases 1-6 times « threshold, which was slightly 
supramaximal for contraction but below the threshold of any y fibres. (In the 
action potential records the large downward deflexions are the stimulus artifacts; 
the small downward deflexions are spikes from another ending. Initial tension, 
190 g. Records retouched.) 


first spike of the early discharge persisted after the first few stimuli (cf. Granit et al..1959 5), 
and often the first spike did not persist either (for example see Fig. 6). Any spike of the 
early discharge which persisted on repetitive stimulation occurred with an almost constant 
latency just after the spike directly set up by the stimulus. In this it differed from the spikes 
evoked by y fibre stimulation, for these appeared rather later with a variable latency, and 
the two responses could therefore be clearly distinguished. The first spike of the early 
discharge is probably due to ephaptic stimulation by the muscle action potential (Granit 
et al. 19596), as certainly occurs in the case of motor fibres (Lloyd, 1942; Leksell, 1945; 
Brown & Matthews, 1960). The failure of the later spikes of the early discharge to persist 
during tetanic stimulation shows that if these should be due to a true « innervation of the 
spindle, and not to ‘early tension changes’ or further ephaptic ‘stimulation, then the 
excitatory effect of this « innervation is weak in comparison to that of y innervation. 
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Occasional ‘«-excitation’ on low-frequency stimulation. Another pattern 
of ‘«-excitation’, prominent only on low-frequency stimulation, was seen 
in 12 endings (8 primary, 4 secondary) of the 75 which were studied with 
the full range of stimulus frequencies (most of these also had an early 
discharge, though this was not maintained on stimulation of 30/sec). 
This is illustrated in Fig. 10, which shows the response of a primary 
ending at the end of tetanic contractions elicited by stimuli slightly above 
maximal for the contraction, but below the y threshold. The ending fired 
at a slightly higher rate during the stimulation than at the initial length, 
and this discharge continued for approximately 100 msec after the last 
stimulus while the tension in the muscle wasstill maintained. Theinteresting 
and typical feature of this response is that it was barely increased in rate 
by increasing the frequency of stimulation. This is most clearly shown by 
comparing the frequencies of discharge in the periods after the last stimuli, 
but is also shown during the period of stimulation. Comparable insensitivity 
to increasing the frequency of stimulation above 20/sec was found in all 
but one of the 12 cases of « excitation and contrasts with the marked effect 
of increasing the frequency of stimulation of y efferents. It suggests that 
the « excitation of the ending results from the contraction of muscle fibres 
with a low tetanic fusion frequency, in the same range as that of the 
extrafusal muscle fibres of soleus. 


In one exceptional case, that of an ending with an afferent fibre conducting at 49 m/sec, 
an effect typical of y excitation, favoured by increasing the frequency of stimulation, was 
produced by a submaximal stimulus 1-3 times « threshold. The « excitation of this ending 
was so great that superadded y excitation could not be detected (it has been included in | 
the series as giving an A 2 response, though its A 2 threshold was not included in Figs. 3 and 8). 


_ If such behaviour were at all usual it would have been more frequently observed in the 


present experiments, for 90 endings were tested with tetanic stimulation just above « 
maximum (15 were only tested at 70/sec, but the rest were tested with a range of frequen- 
cies). We can only suppose that in this case a nerve fibre with an ending on the intrafusal 
muscle fibres was of « diameter; alternatively it seems possible that a y efferent fibre had a 
low threshold for some unknown reason. We do not feel that this exceptional case provides 
evidence for the existence of « innervation of the spindle on a physiologically significant scale. 

Otherwise, the intensity of « excitation of any ending was weaker than y excitation of the 
same ending, and was usually weaker than that shown in Fig. 10; in addition, « excitation 
did not usually produce a discharge continuing so long after the last stimulus as that in 
Fig. 10. On stimulating at 70/sec it was usually masked by the directly excited spikes, and 
so did not then interfere with the detection of y excitation of the same ending. The threshold 
of the stimulus required to elicit « excitation varied for different endings and was not always 
sharp, possibly because submaximal stimulation did not always give a steady tetanic 
contraction and this confused the picture. Precise determination of the threshold was not 
usually attempted, but it was noted usually to be well below « maximum, and sometimes 
close to « threshold, In a few cases « excitation was produced by submaximal but not by 
maximal stimuli... Some other endings, on stimulation of « fibres alone, fired a few impulses 
on the rising phase of a twitch or of a tetanic contraction, but this discharge did not persist 
during a maintained tetanic contraction. All these « effects were very dependent upon the 
initial tension, and were often absent at low tensions. 
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The certain absence of ‘a-excitation’ of some secondary endings. It might 
be suggested that weak « excitation of the endings occurred invariably 
but was concealed by the antidromic impulses set up by the direct electrical 
stimulation of the afferent fibres of the endings. For the primary endings 
such a suggestion cannot be excluded, since their afferent fibres had low 
thresholds to electrical stimulation, and a maximal muscle contraction 
could not be produced without exciting them. The threshold to electrical 
stimulation of the afferent fibres of many secondary endings was, however, 
rather higher, and it was usually possible to produce a maximal contraction 
without exciting those conducting at less than 60 m/sec. In this case an 


excitatory « innervation should be detectable, for if of physiological 


Stimulus 0 30/sec 100/sec 


1 sec 

Fig. 11. The response of a secondary ending (afferent fibre seiiteiston velocity 
45 m/sec) showing no sign of ‘«-excitation’ on supramaximal stimulation, even 
though its afferent fibre was not excited directly. Above, myographic record; 
below, action potentials on same sweep speed. Stimulus intensity 2-1 times « 
threshold; a maximal contraction was produced by stimuli 1-3 times « threshold. 
(The afferent fibre had a threshold to electrical stimulation of 2-3 times « threshold. 
The A2 response of the same ending, on much stronger stimulation, is shown in 
Fig. 2. Initial tension 150g. No stimulus artifacts present, but the period of 
stimulation can be judged from the tension records. Records retouched.) — 


importance it would be expected to overcome the unloading effect of the 
extrafusal contraction sufficiently to cause the ending to fire during a 
relatively prolonged isometric tetanic contraction. In 14 out of 27 
secondary endings tested the discharge at all initial tensions tested ceased 
completely during a just-supramaximal tetanic contraction. A typical 
example is shown in Fig. 11. In 6 other endings the discharge always 


slowed very markedly and in some of these cases ceased when the initial 


tension was low. In four endings slowing was only slight, while in three, 
the discharge accelerated (these were among the 12 endings already dis- 
cussed). The occurrence of slowing, rather than cessation, of the discharge 
is no evidence for the existence of « innervation of an ending, for the 
continued response of the ending during contraction might merely indicate 
that its resting discharge continued in spite of the small rapid release due 
to the contraction of the muscle. The only objection to accepting this as 
the sole explanation was the finding that for two of these endings stimula- 
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tion at 100/sec caused a slightly greater discharge during the contraction 

than did stimulation at 50/sec. Such an alteration in stimulation frequency 

causes only a small increase in the extrafusal contraction (Cooper & 

;  Kecles, 1930; Buller, Eccles & Eccles, 1960; Matthews, 1959), but this 
might be different for different parts of the muscle and thereby cause some 
muscle spindles to be stretched. The main conclusion is, however, that 
half of the secondary endings with axons less than 10, in diameter are 

- not excited at all by « motor fibres, and no definite evidence was found 
for a specific « innervation of the remainder. 


DISCUSSION 
The principal finding of the present investigation is that virtually all 
muscle spindle afferent endings will give an A2 response during tetanic 
contraction of the muscle, provided that the intensity and frequency of 
stimulation and the initial tension of the muscle are appropriately adjusted. 
In Matthews’s (1933) experiments only a third of the A endings gave an 
A2 response, but most of the other A endings could presumably have been ~ 
induced to do so if a wider range of stimulating conditions had been used. 
It may be noted that the modern practice of recording the afferent dis- 
charge of the ending from a dorsal root filament, rather than from the 
( muscle nerve as Matthews did, largely eliminates the stimulus artifact 
which otherwise both hinders the detection of weak A2 responses and dis- 
courages the use of any but the lowest frequencies of stimulation. It. 
remains true, however, that under Matthews’s particular experimental 
conditions some endings did and some endings did not give the A 2 response 
(see also Cooper, 1959). In the present experiments a greater initial tension 
was required to elicit an A2 response from secondary endings than from 
| primary endings, and the resulting response was less marked; in addition, 
A2 responses could sometimes only be elicited from secondary endings on 
/ using moderately high frequencies of stimulation. The significance of these 
differences between the two kinds of endings is hard to assess, but they 
| are perhaps related to the relatively high threshold of the secondary 
endings to stretch of the muscle (Hunt, 1954). Since increasing the 
frequency of stimulation favoured the production of A2 responses from 
both types of ending, there is nothing to suggest that they are excited by . 
the contraction of different types of intrafusal muscle fibres with different 
| contractile properties. In any case, the absence of an A2 response under 
| some particular set of conditions is no guarantee for the absence of an 
’ _ excitatory effect on the ending. For on stimulating the muscle nerve 
excitation can only be detected when it is great enough to overcome the 
artificial threshold created both by the unloading effect of the extrafusal 
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contraction and by the effect on the ending of the antidromic impulses 
set up by the electrical stimulation of its afferent fibre. 

It might be suggested, however, that a crucial feature of Matthews’s 
A2 responses was that they were set up by stimuli which were only slightly 
supramaximal for the contraction, while far stronger stimuli were fre- 
quently required in the present experiments. Indeed, Hunt & Kuffler 
(19516) apparently considered that Matthews could not have excited 
y fibres with stimuli of this sttength, and consequently attributed his A 2 
responses entirely to stimulation of ordinary « motor fibres. The question, 
however, cannot be decided so definitely, since various reasons can be 
suggested to explain how Matthews’s apparently weak stimuli might have 
excited y fibres. In the first place, Matthews gave no information about 
the relative strengths of the stimuli required to elicit threshold contractions 
and maximal contractions of the muscle; and it is possible that, while 
the threshold of the most excitable « fibres was normally low the threshold 
of the least excitable « fibres approached or even overlapped that of the 
most excitable y fibres. This could happen if some fibres in the nerve were 
slightly damaged under the stimulating electrodes, or might be found in 
a completely normal nerve if the stimulating electrodes were placed very 
close to the muscle where some « motor fibres would have subdivided into 
relatively fine branches (Eccles & Sherrington, 1930). In addition, the 
stimuli used by Matthews were probably of longer duration than those 
now in common use, and this might have influenced the relative thresholds 
of xand y fibres. It is also possible that he placed the stimulating electrodes 
on or near a region of nerve which had been partly desheathed, for this 
was a necessary part of his procedure in isolating single fibres. We found, 
in three preliminary experiments, that desheathing may markedly lower 
the threshold of the y fibres relative to that of the « fibres, particularly 
for stimuli of long duration. Thus it seems reasonable to suggest that 
Matthews did excite y fibres with stimuli which were only slightly supra- 
maximal for contraction, because no other explanation is really acceptable 
for his production of A2 responses on increasing the strength of stimuli 
which were already maximal. This interpretation is favoured by the fact 
that he found sharp thresholds for the production of the A2 response. 
We consider, therefore, that most of Matthews’s A2 responses must have 
been produced by stimulation of y motor fibres, and demonstrated the 
excitatory effect on muscle spindle endings of stimulating the motor 
supply to the intrafusal muscle fibres. 

On the other hand it is possible that those of Matthews’s A 2 responses 
which were obtained with stimuli below maximum for the contraction 
_ were due to stimulation of « motor fibres. This was observed in a sixth of 
the present cases on using low-frequency stimulation, and was previously 
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described by Hunt & Kuffler (19516) using tetanic contractions of shorter 
duration. We found these effects to be relatively weak and to behave as if 
mediated by a system with a low ‘tetanic fusion frequency’, but this would 
not have prevented their detection in Matthews’s experiments, as he 
usually employed low frequencies of stimulation. They were, however, 
often absent at low initial tensions and might not have been prominent 
in his experiments, particularly as his myograph may not have been as 
rigid as those now in common use. In any case, such excitation is found for 
both primary and secondary endings and is adequately explained by 
supposing that some muscle spindles were stretched by the contraction of 
extrafusal muscle fibres. Any of Matthews’s A2 responses which were due 
to this type of excitation are, therefore, probably of little importance 
(Hunt & Kuffler, 19516; Hunt, 1954), but it cannot be accepted that all 
his A2 responses were produced in this way. Moreover, his A2 responses 
cannot be equated with the ‘early discharge’ (caused by stimulation of 
« fibres), as this consists of a very different pattern of firing, and in the one 
case in which Matthews observed an early discharge he clearly distin- 
guished it from the A2 response. | 
During twitch contractions it proved easier to demonstrate for secondary 
than for primary endings an excitatory effect of using stimuli strong enough 
to excite y fibres. This finding is perhaps related to the magnitude of the 
decrease of the excitability of the ending produced by the release of the 
muscle spindle occurring during the extrafusal contraction, which might 
be expected to be greater for the primary ending. For on slowly releasing 
a stretched muscle the discharge of the primary ending stops immediately, 
while that of the secondary ending may continue (Cooper, 1959; Harvey & — 
Matthews, unpublished). The difference in behaviour of primary and 
secondary endings during the twitch might perhaps be explained by their 


being differently affected by the contractions of different kinds of intra-_ 


fusal fibres. In view of the complications introduced by the concomitant 
extrafusal contraction no conclusion on this point can be drawn from the 
present experiments; but in the cat it seems very improbable that only 
primary endings can be excited by intrafusal fibres capable of twitches, as 
has been suggested for the rabbit (Diete-Spiff, 1960). We are uncertain: 
whether the A2 responses which Matthews described during twitch con- 
tractions depended upon y excitation of the ending, for in the responses 
illustrated by him the effect is greater than we have seen. They are similar 
to those described by Hunt & Kuffler (19510) for « excitation, and 
moreover were produced by increasing the strength of a submaximal 
rather than of a maximal stimulus. Matthews’s classification, however, 


_ was apparently based on the behaviour of the endings during tetanic 


contraction (1933, p. 21), and twitch contraction may not have been 
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studied sufficiently systematically to see whether complete agreement with 
the classification could be obtained by these means. The failure of other 
workers to obtain a clear distinction between Al and A2 responses with 
twitch contractions would not then be surprising. 

It does not now seem possible to decide upon the distribution of primary 
and secondary endings between Matthews’s two groups (cf. Cooper, 1959, 
1960). It certainly seems probable that his A2 group consisted mainly of 
primary endings, for these give marked A 2 responses on tetanic stimulation ; 
but his Al group probably contained some primary endings as well as 
secondary endings, for he used relatively weak stimuli (‘at least’ 30% 
supramaximal for contraction). Against this view is Matthews’s finding 
_ that the Al endings had a very low threshold to stretch and fired with the 
least tension on the tendon, while the A2 endings often had a considerably 
higher threshold, though never over 10g (Matthews, 1933, p. 29). The 
reverse would be expected, as Hunt (1954) found that the threshold to 
stretch of secondary endings was often much higher than that of the primary 
endings. Matthews had a few results, based on the relative sizes of action 
potentials, suggesting that the afferent fibres of A1 endings were smaller 
than those of A2 endings; but his observations were not sufficiently 
numerous to be applicable to the whole of the series. It may even be 


questioned whether he studied an appreciable number of secondary endings, | 


as these, unlike the primary endings, are rather insensitive to the rate of 


application of a stretch (Cooper, 1959), while Matthews’s A 1 and A2 endings — 


were both very sensitive to the rate of stretch. At any rate it seems 
unlikely that Matthews’s division of endings by their Al and A2 behaviour 
corresponded closely to a division into primary and secondary endings 
based on measurements of the conduction velocity of the afferent fibres of 
endings. The classification of muscle spindle endings by their Al and A2 
responses therefore seems best discontinued, a view which has already 
been widely adopted on the basis of the experiments of Hunt & Kuffler 
(19510). 

The fact that all muscle spindle afferent endings may be excited by 
y fibre stimulation should not be taken to mean that the y excitation and 
control of primary and secondary endings is necessarily identical. The two 


kinds of endings occupy different positions on the intrafusal muscle fibres, 


and in initiating the present study we had hoped to confirm a functional 
difference in the motor control of the endings. We found the A 2 responses 
of secondary endings weaker and harder to demonstrate than those of 
primary endings; but both types of endings -were excited by stimulation 
of y fibres of a wide range of thresholds, and therefore presumably of 
diameter, and for both primary and secondary endings the excitation 
appeared to be mediated by a contractile system with a considerably 
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higher ‘fusion frequency’ than that of the extrafusal muscle fibres of 
soleus. Both types of ending were excited on occasion by stimulating 
« motor fibres alone, and in both cases this could be explained without 
postulating the existence of a specific «-innervation of the spindle. Thus, 
though from histological evidence it seems probable that there must be 


- some difference, more fundamental than one of sensitivity, between the 


responses of primary and secondary endings to intrafusal fibre contraction, 
it has yet to be demonstrated experimentally. 


SUMMARY 


_1. By recording their discharge from dorsal root filaments the behaviour 
of de-efferented muscle spindle endings in the soleus muscle of the cat has 
been studied during tetanic contraction of the muscle elicited by stimula- 
tion of the muscle nerve. This was done in order to reinvestigate the 
classification of muscle spindle afferent endings into two types (Matthews, 
1933), according to whether their discharge accelerated (A2) or slowed 
(A1) during supramaximal stimulation. | 

2. 88 out of 90 endings studied with tetanic stimulation gave an A2 
response when the intensity and frequency of stimulation, and the initial 
tension of the muscle, were appropriately adjusted. This response was 
given both by primary and by secondary endings, for the conduction 
velocities of the afferent fibres studied ranged from 23 to 116 m/sec. If 
the dividing line of afferent fibre conduction velocity is taken as 72 m/sec 
(Hunt, 1954), 55 of the endings were primary endings and 35 were second- 
ary endings. 

3. A2 responses could not usually be elicited from secondary endings 
unless the initial tension was over 50 g, and the tension sometimes had to 
be considerably higher. Primary endings responded at initial tensions 
below about 50g. For both types of endings the A2 response was favoured 
by increasing the frequency of stimulation to 70-100/sec, but except for 
a few secondary endings it was also found on stimulation at 30/sec. 

4. The threshold stimulus required to produce an A2 response was 
above that required to produce a maximal contraction of the muscle. It 


- was also above the threshold of the most excitable y motor fibres, which 


was determined later in the same experiments by recording their compound 
action potential from a ventral root on stimulating the muscle nerve. The 


_. A2 thresholds of different endings varied considerably, and from a com- 


parison of these values with the thresholds of y fibres of different con- 
duction velocity it is concluded that both primary and secondary endings 
may be excited by y motor fibres of a wide range of diameter. 


5. With an initial tension of about 300 g some secondary endings fired 
32 PHYSIO. CLVI 
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one or two impulses during the rising phase of a twitch, if the stimulus 
was considerably supramaximal for contraction. At a similar initial 
tension primary endings did not fire on the rising phase of the twitch 
contraction, except occasionally when they were so excited by stimulation 
of « motor fibres. 

6. Stimulation of « motor fibres alone (by using weak stimuli) caused, 
on occasion, two different patterns of excitation of both primary and 
secondary endings. One was the high-frequency ‘early discharge’ im- 
mediately after the stimulus, while the other discharge was of low fre- 
quency. The latter was relatively weak and behaved as if it were mediated 
by a contractile system with a low ‘tetanic fusion frequency’; on stimula- 
tion at 70/sec it was masked by the impulses set up by the direct electrical 
stimulation of the afferent fibre studied and did not interfere with the 
detection of the A2 response due to y excitation of the same ending. The 
occurrence of such effects does not show whether or not a specific « in- 
nervation of the spindle exists for they can be explained otherwise; in any 
case they were not found for all endings. 

7. It is concluded, in agreement with Hunt & Kuffler (19516), that the 
classification of muscle spindle responses into types A 1 and A 2 lacks simple 
physiological significance and is best discontinued. It is, however, probable 
that Matthews’s A2 responses were due to stimulation of y motor fibres, 
and demonstrated the effect on muscle spindle endings of the contraction 
of the intrafusal muscle fibres. 


We should like to thank Mr E. T. Giles for assistance with the operations and Sybil Cooper 
for helpful discussion. 
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It has been established in an earlier paper (Paintal, 1960) that there are 

a separate group of sensory endings in muscles that are stimulated by local 
pressure but not by external stretch. It was suggested that these receptors 
mediate some kinds of muscle pain; they were therefore termed pressure- 
pain receptors (Paintal, 1960). Most of these endings are connected to 
Group III afferent fibres of muscle nerves, some to Group II and a few 
to Group I fibres. It was also shown that the afferent fibres of Group II 
terminate mainly in pressure receptors, a few in stretch receptors and some 
in receptors that cannot be activated mechanically (Paintal, 1960). Like 
the Group I and Group II bands, therefore, the Group III fibres are a 
mixed group. 

The reflex effects roland by natural stimulation of stretch receptors 
connected to Group I fibres are well known (Lloyd, 19436; Granit, 1950, 
1952; Granit & Strom, 1951; Hunt, 1952) and the results are in agreement 
with those obtained by stimulating Group I nerve fibres themselves. The 
effects of natural stimulation of stretch receptors with Group II fibres 
have been studied in isolation only recently by Laporte & Bessou (1959), 
who found that the endings of soleus and tibialis anterior respectively 
inhibit and excite their own motoneurones. So far it has not been possible 
to study the effects of stimulating endings connected to Group ITI fibres, 
since hitherto nothing was known about these endings. However, it is 
known that electrical stimulation of Group II or Group ITI fibres facilitates 
flexor reflexes (Lloyd, 1943a; Brock, Eccles & Rall, 1951; Eccles & Lund- 
berg, 1959a; Kuno & Perl, 1960), in addition to influencing certain crossed 
reflexes (Perl, 1958). Since it is now known that the majority of Group IIT 
fibres terminate in pressure-pain receptors (Paintal, 1960) it is to be 
expected that the reflex effects of these endings will be essentially similar 
to the effects of stimulating Group III fibres—an expectation borne out by 
the results of the present investigation, which was aimed at determining 


the reflex effects of pressure-pain receptors of —_ surae and tibialis 
anterior. 
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METHODS 


Adult cats were anaesthetized with ether and the spinal cord was cut at the level of the 
atlanto-occipital membrane, The brain was destroyed by pithing and the animal was put 
on artificial ventilation. The pelvis and the left hind limb were immobilized by transfixing 
them with pins, and muscular movements were prevented by injecting p-tubocurarine or 
gallamine (Flaxedil; May & Baker) intravenously. The sural and tibial nerves were always 
cut; the latter was cut distal to its branches to the triceps surae as far centrally as possible, 
to avoid stimulating its central end when the intact lateral gastrocnemius-soleus nerve was 
stimulated. Other nerves were cut according to the nature of the experiment. 

In some experiments local pressure was applied to the triceps surae muscle by an electro- 
mechanical device (presser) powered by an audioamplifier into which square pulses of short 
duration were fed from a stimulator triggered by the sweep of the oscilloscope. In these 
experiments the flattened end of a wooden rod connected to the presser was applied to the 
ventral surface of the triceps surae, which was exposed by separating this part of the muscle 
from the underlying bone. The tendo Achillis was elevated after cutting the plantaris 
tendon and the muscle was sandwiched between the rod of the presser and a pressure gauge 


_ applied to its dorsal surface. The part so sandwiched consisted of the muscular part of the 


muscle, about 2-3 cm from the point of insertion of the tendon on the calcaneus. In these 
experiments the intensity and duration of the pressure pulses were kept constant. Usually 
about 0-5-1 kg pressure was applied and the duration of the pressure pulse was about | 
3-5 msec (Fig. 4). Often, as in Fig. 4B, there were some oscillations of low amplitude after 
the main pressure pulse. These should be kept in mind when considering the conditioning 
etfects of pressure pulses applied at large intervals before the test stimulus. The pressure 
gauge was connected to a d.c. amplifier and led to one channel of the oscilloscope; it was 
calibrated by applying weights to its surface. 

Monosynaptic reflexes were recorded monophasically from the cut central end of L7 or 
$1 ventral roots. These reflexes were elicited by stimulating the cut central ends of the 
following nerves: posterior biceps semitendinosus (BST), triceps surae, deep peroneal (DP) 
and tibialis anterior (TA). Occasionally an intact nerve was stimulated in order to avoid 
cutting off the sensory inflow from a particular muscle. The conduction time for the Group I 
volley from the stimulating electrodes on a peripheral muscle nerve to the spinal cord was 
determined at the end of an experiment by recording the arrival of the afferent volley mono- 
phasically from the peripheral end of a cut dorsal root near its entry into the spinal cord. 

Whenever it was necessary to take many records of monosynaptic reflexes, the oscilloscope 
trace was masked except for the section occupied by the reflex (Figs. 2, 3 and 7). This pro- 
cedure allowed continuous records to apie taken over nena periods with considerable 


economy of recording paper. 


RESULTS 


Stimulation of pressure-pain receptors in lateral 
gastrocnemius and soleus (LGS) 

Effects on posterior biceps and semitendinosus (BST) monosynaptic reflex. 
Since many pressure-pain receptors of lateral gastrocnemius and soleus 
are located near the junction between the muscle and the tendo Achillis 
(Paintal, 1960), this region was chosen exclusively for stimulating these 
receptors; it was usually situated about 2-5-3 cm central to the insertion 
of the tendon on the calcaneus. This was a fortunate choice, because it was 
found later that squeezing this part caused little stimulation of stretch 
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receptors, as revealed by recording impulses from the whole lateral 
gastrocnemius-soleus (LGS) nerve (Fig. 1). 

Squeezing the muscle either between finger and thumb or between the 
jaws of dissecting forceps always increased the BST monosynaptic reflex 
(Fig. 2). This response survived the cutting of all nerves to the hind limb 
with the exception of the nerve to the lateral gastrocnemius and soleus. 
To distinguish the action of pressure-pain receptors from those of stretch 


Fig. 1. Records of impulse activity in peripheral end of cut lateral gastrocnemius- 
soleus nerve, A while stretching the muscle, and B while squeezing the musculo- 
tendinous region, during signals. From above downwards in each record, impulse 
activity, signal and 1/10 sec time marks. 


5 sec 


J 


Tr 


Fig. 2. Segments of sweeps showing biceps itendi s (BST) monosynaptic 

_ responses. The sweeps recur at intervals of 1-6 sec and were taken on moving 
recording paper. During signal in A the triceps surae was pulled, and in B it was 
squeezed between finger and thumb. Medial gastrocnemius nerve was intact. 
Note increase in monosynaptic response while muscle was squeezed. Time 
marker, msec. 
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receptors, which, as mentioned above, can also be stimulated a little by 
squeezing the muscle, the effects of local pressure were compared with those 
of stretching the muscle. Since it is known that Group I fibres (Eccles, 
Eccles & Lundberg, 1957) and Group II fibres (Kuno & Perl, 1960) of 
triceps surae facilitate BST motoneurones, it was not surprising to find 
that stretching the muscle to about 700g often facilitated these moto- 
neurones. However, this facilitation was very often much less than that 
produced by squeezing the muscle. Typical responses are shown in Fig. 2. 
When these are considered in relation to the impulses produced by 
stretching and squeezing the muscle (Fig. 1) it may be concluded 
that squeezing the muscle facilitates the reflex primarily by stimulating 
endings other than stretch pressure-pain receptors 
(Paintal, 1960). 
5 sec 3 


Fig. 3. BST monosynaptic responses. Record A was taken while the LGS, nerve 
was stimulated repetitively at 270/sec with stimuli 10 times threshold for Group I. 
In B the strength of the stimuli was 66 times threshold. In both A and B the triceps 

 gurae was squeezed during signals. Note that the effect of pressure is not blocked 
by 10 times threshold stimuli in A. The sweeps recur every 1-6 sec. Time marker, 
msec, 


In order to show that pressure-pain endings with Group III fibres (or 


smaller) facilitate the reflex, the receptors connected to Group I and Group 


II fibres were depressed antidromically by repetitive stimulation at a 
frequency ranging from 200 to 460/sec. Since Eccles & Lundberg (19596) 
have shown that all Group II fibres should be stimulated by stimuli 8-10 
times the threshold for Group I, stimuli of at least this strength were used 
to stimulate the intact LGS nerve. However, in most experiments stimuli 
of about 16 times threshold were used, to allow for any relative refractori- 
ness in the nerve fibres at high frequencies of stimulation. These stimulus 
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strengths have been used throughout this investigation to stimulate 
Group I and Group II fibres. It is to be expected from the observations 
of Eccles & Lundberg (19596) and Kuno & Perl (1960) that at this 
stimulus strength some Group III fibres will also be excited. This does not 
vitiate the results, since the main purpose of these experiments was to 
determine the reflex effects of endings connected to Group ITI fibres only. 
As had been expected, tetanic stimulation by itself enhanced the BST 
monosynaptic responses initially but the responses soon stabilized them- 
selves (see Eccles & Rall, 1951). While the nerve was thus tetanized it was 
found that facilitation of BST monosynaptic reflex by squeezing the 
muscle was not obviously reduced (Fig. 3.4), thus showing that endings 
with fibres smaller than Group II facilitate the reflex by pressure. No 
coriclusion can, however, be drawn about the role of Group I and Group II 
fibres from this observation, because of unknown central effects of tetanic 
stimulation. For instance, one cannot conclude that endings with Group I 
and Group II fibres did not contribute to the facilitation on the basis that 
facilitation was not reduced during tetanization as in Fig. 3A. 

_ Although the above experiment indicated that endings with fibres 
smaller than Group II facilitate the BST monosynaptic reflex, it was 
still not certain whether facilitation by squeezing the muscle was due to 
stimulation of pressure receptors connected to Group III fibres or to 
endings connected to non-myelinated fibres, especially since Voorhoeve, 
Laporte & Bessou (1958) have demonstrated facilitation of flexor reflexes 
by non-myelinated fibres. The stimulus strength of repetitive stimulation 
was therefore increased to about 70 times threshold in order to block 
nearly all endings connected to Group III fibres. As expected, this some- 
times facilitated the monosynaptic responses considerably, but after they 
had become stabilized it was found that facilitation by squeezing the 
muscle was much reduced (Fig. 3B), although it was still present in some 
experiments; this was presumably due to endings connected to non- 
myelinated fibres. No definite conclusion concerning the relative contri- 
bution by pressure-pain endings with Group ITI fibres can be drawn from 
this experiment, because the reduced facilitation during tetanization, 
shown in Fig. 3B, may have been due entirely to the central effects of 
tetanic stimulation. 

Evidence that pressure-pain receptors connected to Group IIT fibres 
facilitate the BST monosynaptic reflex was obtained by applying pressure 
pulses to the triceps surae with the presser as described in methods. This 
procedure itself yielded a reflex discharge in ventral roots with a latency 
ranging from 15 to 28 msec (Fig. 4B), but since the destination of the 
motoneurones stimulated could not be ascertained this aspect of the 
response was not pursued further. 
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As shown in Fig. 4B, the facilitation of the BST monosynaptic response 
by pressure pulses was marked, being sometimes three times greater than 
the control responses. The interval between the pressure pulse and the 
BST test stimulus at which facilitation by the pressure pulses appeared 
varied from 12 to 18 msec. Maximum facilitation appeared at about 
26-30 msec. Since the central delay associated with the facilitation of the 
reflex by the larger LGS afferent fibres is small (see Kuno & Perl, 1960), 
these long latencies suggest that slowly conducting myelinated fibres were 
responsible for the facilitation, assuming that the excitation time of the 
endings by the pressure pulses did not take more than 1-3 msec. However, 
participation by pressure-pain and stretch receptors connected to Group I 


and Group IT fibres could not be ruled out in such an experiment and the 


A B 


Fig. 4. Effect of pressure pulses to triceps surae on BST monosynaptic responses. 
The lower traces in A and B show the monosynaptic response. B shows that appli- 
cation of a pressure pulse (upper trace) greatly increases the monosynaptic 
response. The pressure also yields a reflex response in some unidentified moto- 
neurones before the flexor monosynaptic reflex in B. Time marker, msec and 
10 msec. 


LGS nerve was therefore tetanized as described earlier, in order to depress 
antidromically all endings connected to these larger fibres. While the 
nerve was thus tetanized the effect of pressure was examined and it was 
found that facilitation by the pressure pulses though reduced was still 
prominent (Fig. 6). These results therefore prove that pressure receptors 
connected to Group III fibres facilitate the BST monosynaptic reflex. 

The contribution through the larger fibres was excluded also by applying 
single volleys of about ten times threshold simultaneously with the 
pressure pulse. It was confirmed by recording impulses from the cut 
peripheral end of the whole LGS nerve that this single volley considerably 
reduced the observable discharge in large fibres. As is shown in Fig. 5D, 
this produced no change or only slight reduction in the facilitation pro- 
duced by the pressure pulse. This shows that considerable reduction of the 
afferent input through the larger fibres had no effect on the facilitation by 
pressure pulses. In this experiment it was necessary to ensure that the 
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interval between the LGS stimulus and the test BST stimulus was such 
that the first stimulus did not itself alter the response. To be on the safe 
side, the moment of its application (and therefore also that of the pressure 
pulse) was so adjusted that it tended to reduce the monosynaptic reflex 
(compare Fig. 5A with 5B). The unobservable central effects of the LGS 
stimulus must be kept in mind when interpreting the changes quantita- 
tively, and since these effects are unknown no attempt has been made to 
evaluate the relative contribution by the large fibres to the total facilita- 
tion shown in Fig. 5C. 7 


Fig. 5. BST monosynaptic reflex. A and Z show the size of the control response 
(lower traces). O and @ show the effect of pressure pulses on this response. In B 
& 10-times-threshold stimulus to the intact LGS nerve was applied before the 
flexor stimulus at such an interval that it did not increase the response. In D the 
stimulus and pressure were applied together; the undiminished response, com- 
pared to those in C and G, shows that the 10-times-threshold stimulus did not 
block the facilitating effect of the pressure pulse. In F the stimulus was 49 times 
threshold, i.e. sufficient to stimulate most Group III fibres. Application of this 
stimulus and the pressure pulse together in H prevented the facilitatory effect of 
the pulse. Time marker, msec and 10 msec. 
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It was thought that if the strength of the LGS stimulus was increased 
to about sixty times threshold, impulses from endings from Group III 
fibres would also be blocked. This was done, as shown in Fig. 5F, Gand H. 
and it was found that facilitation by the pressure pulses was prevented 
(Fig. 5H). This was interpreted to mean that the strong stimulus prevented 
BST facilitation by depressing the endings of Group III fibres peripherally, 
because care was taken to ensure that the stimulus did not itself reduce 
the monosynaptic reflex by adjusting its position and therefore also that of 
the pressure pulse so that the LGS stimulus in fact facilitated the mono- 
synaptic response a little (compare Fig. 5H and F). However, this inter- 
pretation is not unequivocal, because it is possible that the central effects 
of the LGS stimulus itself may have been responsible for preventing the 
facilitation. A second possibility, that the strong LGS stimulus stimulated 
the same BST motoneurones that would have been facilitated by the 
pressure pulse, has to be kept in mind. However, the reflex discharge 
produced by the stronger stimulus itself was often not much greater than 
that produced by the weaker one (compare Fig 5D with 5H). | 

The interval between the pressure pulse and the flexor volley was varied 
and the effect of this on the: monosynaptic responses was noted. At each 
interval ten conditioned responses were compared with twenty test 
responses (ten before and ten after) and the conditioned responses were 
expressed as a percentage of the test responses. As expected the facilita- 
tion varied with the interval between the pulse and the flexor volley 
(Fig. 6). Figure 6 shows that, apart from the reduction in the facilitation, 
there is not much difference in the curves obtained with and without 
tetanization of the LGS nerve. Since the minimum latency for facilitation 
is also the same, this indicates that in this particular experiment, endings | 
connected to Group I and Group II fibres did not contribute significantly 
to the facilitation by pressure in the absence of tetanic stimulation. The 
reduced facilitation during tetanic stimulation could be due to the central 
effects of tetanic stimulation or to the antidromic stimulation of some 
Group III fibres. Since for facilitation to occur the minimum interval 
between the initiation of impulses by the pressure pulse (allowing about 


3 msec for initiation time at the endings) and the arrival of the flexor 


volley at the spinal cord is about 15 msec, and since the conduction 
distance from the point of application of pressure to the spinal cord was 
about 220 mm, it follows that the volley of impulses were conducted over 


‘fibres with conduction velocity of at least 15 m/sec. As the interval was 


increased, impulses over more slowly conducting fibres could also exert 
their effects and thus add to the facilitation as shown in Fig. 6. . 

In the experiment from which the graph of Fig. 6 was plotted it was 
found that ten-times-threshold conditioning volleys (adequate to stimulate 
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all Group II fibres (Eccles & Lundberg, 1959b)) did not facilitate the BST 
monosynaptic reflex, whereas there was obvious facilitation with stimuli 
of greater intensity. This-was not the common type of response, but it 
provides evidence to show why receptors connected to larger fibres did not 
contribute to the facilitation by pressure pulses in this experiment. In 
most of the experiments, however, there was obvious facilitation of BST 
monosynaptic reflex with stimuli less than twice threshold. Indeed the 
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BST monosynaptic reflex (% of control) 
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Fig. 6. Conditioning effect of pressure pulses to tricops surae on BST monosynaptic 
reflex (ordinate). The abscissa represents the interval between the application of 
the pressure pulse and the time of arrival of the flexor Group I volley at the spinal 
cord. The ordinates indicate the size of the monosynaptic response expressed as 
a percentage of the control response. Graph - -O- -O- - shows responses without 
tetanization of LGS nerve; graph —@-—-@— shows responses while the nerve 
was tetanized continuously at 460/sec with stimuli 13 times threshold for Group I 


curves showing the conditioning effect of LGS volleys on BST mono- 
synaptic responses were similar to those obtained by Kuno & Perl (1960) 


and to those obtained by Eccles & Lundberg by applying conditioning . 


stimuli to the plantaris nerve in the spinal preparation (Eccles & Lund- 
berg, 1959a). In such experiments, unlike that shown in Fig. 6, the 
latency at which facilitation by pressure set in while the LGS nerve was 
tetanized was clearly greater than when the nerve was not tetanized. For 
example, in one experiment without tetanization the latency was 12 msec 
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and with tetanization 20 msec. This suggests that endings connected to 
larger fibres, probably those of Group II, were responsible for the earlier 
facilitation. This is understandable, because stretch receptors with 
Group IT fibres may be stimulated by the pressure pulse and there are 


significant numbers of pressure-pain receptors connected to Group II fibres 
(Paintal, 1960). 


5 sec 


Fig. 7. Record to show the effect on BST monosynaptic reflex of introducing 
& hypodermic needle at arrow into triceps surae near tendo Achillis. The sweeps 
recur every 1-6 sec. 
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Monosynaptic reflex (arbitrary units) — 


{ Time after injection (sec) 


Fig. 8. Graph to show the effect on the BST monosynaptic reflex of injecting 
0-5 ml. 6 % NaCl into the triceps surae at arrow. 


All the foregoing experiments have shown that pressure-pain receptors . 
of LGS facilitate BST monosynaptic reflex. Since these receptors are 
stimulated by introducing a hypodermic needle into the muscle or by in- 
jecting 6% NaCl solution locally (Paintal, 1960), it is expected that these 
procedures will also facilitate BST motoneurones, which in fact they most 
often did. The facilitation produced by introducing a needle was usually 
short-lasting (Fig. 7). This is to be expected, because this procedure only 
yields a short train of impulses from pressure-pain receptors (Paintal, 
1960). The facilitation following local injection of 0-5 ml. 6% NaCl set in 
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within a few seconds and it often persisted for 2-3 min (Fig. 8). This is to 
be expected from the effects of 6% NaCl on pressure-pain receptors. The 
contribution by endings connected to larger fibres may be ignored, because 
local injection of 6% NaCl at the peripheral site chosen for injection (i.e. 
near the musculo-tendinous junction) usually has no noticeable effect on 
stretch receptors (Paintal, 1960). However, rarely a massive discharge in 
the larger fibres may be produced by 6% NaCl, so that facilitation of the 
BST monosynaptic reflex through Group I and Group II fibres had to be 
ruled out. This was done by tetanic stimulation, as described earlier, and 
it was found that the facilitatory effect of 6° NaCl persisted while the LGS 
nerve was tetanized. Although these results once again indicate that 
pressure-pain receptors with Group III fibres facilitate the BST mono- 
synaptic reflex, the possible contribution by endings connected to non- 
myelinated fibres must be kept in mind. 

Effects on triceps surae motoneurones. It has been confirmed that strongly 


stretching triceps surae can inhibit the triceps surae or LGS monosynaptic 


reflex, presumably owing to stimulation of tendon organs (Granit, 1950; 


Hunt, 1952), although in the initial phase there may be some facilitation, 


as would be expected from the observations of Lloyd (1943b), Granit 
(1950) and Hunt (1952). On the other hand, squeezing the muscle inhibited 
the motoneurones to a much greater extent than that produced by 


stretching the muscle. This was presumably due to stimulation of pressure- 


pain receptors, a conclusion strengthened by the fact that inserting 
a hypodermic needle and injecting 6% NaCl locally also inhibited the 
triceps surae monosynaptic reflex; the latency and duration of inhibition 
followed the same time course as the facilitation of the BST monosynaptic 
reflex. 

Application of local pressure pulses yielded similar results, i.e. there was 
inhibition of triceps surae monosynaptic reflex. This inhibition set in after 
a latency of about 20 msec in one experiment (Fig. 9), a fact suggestive of 
action mediated by slowly conducting myelinated fibres. In the experiment 
illustrated in Fig. 9 the inhibition became so pronounced that at an in- 
terval greater than 29 msec the monosynaptic reflex was completely 


inhibited by the pressure pulse. In these experiments the LGS nerve was 


intact and test stimuli were applied either to this nerve alone or to both 


_ this and the central end of the cut medial gastrocnemius nerve. 


Effects on tibialis anterior (T'A) or deep peroneal (DP) monosynaptic 
reflex. Stretching triceps surae always inhibited TA or DP monosynaptic 
responses, a8 would be expected from the observations of Granit (1952). 
On the other hand squeezing triceps surae occasionally either slightly 
facilitated these motoneurones or was without effect. In these cases con- 
ditioning stimuli of Group IIT strength to LGS nerve clearly facilitated the 
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DP monosynaptic reflex. This is in agreement with some of the obser- 
vations of Eccles & Lundberg (19596). More frequently, however, squeezing 
triceps surae inhibited the DP monosynaptic reflex markedly (Fig. 10) and 
correspondingly, Group III strength conditioning volleys to cut LGS nerve 
produced pronounced inhibition. This inhibition by squeezing triceps surae 
is surprising, because pretibial muscles are flexors and Group III fibres 
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LGS monosynaptic reflex (% of control) 
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Fig. 9. Graph showing conditioning effect of pressure pulses applied to triceps surae 
on LGS monosynaptic reflex. Abscissa indicates interval between the application 
of pressure pulse and arrival of Group I LGS volley at spinal cord. Ordinate 
represents size of monosynaptic response expressed as percentage of control 


Monosynaptic reflex (arbitrary units) 


0 10 t 20 f 30 40 50 
Time (sec) 


Fig. 10. Graph showing inhibitory effect of squeezing triceps surae, between 
arrows, on deep peroneal monosynaptic reflex, expressed in arbitrary units. 
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(which end predominantly in pressure-pain receptors (Paintal, 1960) of 
muscle nerves are known to facilitate the flexion reflex (Lloyd, 1943a; 
Eccles & Lundberg, 19594, b). The evidence that this inhibition is caused 
by pressure-pain receptors is very strong, because stimulation of tendon 
organs (which are more likely to be stimulated than muscle spindles by 
squeezing the musculo-tendinous junction of triceps surae) of LGS or their 
nerve fibres facilitates DP monosynaptic reflexes (Laporte & Lloyd, 1952; 
Granit, 1952; Hunt, 1952; Eccles et al. 1957). The fact that these effects 
were not mediated by Group I or Group II fibres was established, as already 
described, by carrying out the above manoeuvres while the LGS nerve was 
stimulated repetitively to block impulse activity in Group I and Group I 
fibres. As expected, the inhibition of DP monosynaptic reflex by squeezing 
triceps surae was not much altered. However, the possible effects of endings 
connected to unmyelinated fibres must be kept in mind, because these 
experiments have not excluded their effects. In agreement with the effects 
of squeezing triceps surae, it was noted that local injection of 6 % NaCl also 
inhibited the DP monosynaptic reflex. 


Effects of pressure-pain receptors in tibialis anterior 

In order to stimulate pressure-pain receptors, the tibialis anterior muscle 
was squeezed about 1—2 cm distal to the entry of the nerve into the muscle, 
because many pressure-pain receptors are located in this region (Paintal, 
1960). This produced much less facilitation of BST monosynaptic reflexes 
than that produced by squeezing triceps surae; sometimes there was no 
facilitation at all. In view of the current belief that Group III fibres of 
muscles facilitate flexor reflexes, this behaviour was quite unexpected, 
because there are apparently more pressure-pain receptors in TA than there 
are in LGS (Paintal, 1960). Stretching TA also facilitated the BST mono- 
synaptic reflex and this facilitation was either equal to or little less than 
that produced by squeezing the muscle. These effects, although reduced, 
survived during repetitive stimulation designed to block endings connected 
to Group I and Group II fibres. This indicates that Group III fibres are 
probably involved in addition to any other concerned. 

Stretching or squeezing TA reduced or abolished triceps surae mono- 
synaptic responses. In this instance the effect of pressure was clearly 
more marked than that of stretch, suggesting that the effect of pressure 


_ was mediated through pressure-pain endings. 


Whereas stretching TA inhibited the DP monosynaptic responses, 


‘Squeezing the muscle facilitated them. This is in agreement with the known 


effects of stimulating Group ITI fibres of flexor muscles (Brock et al. 1951). 
Sometimes squeezing the muscle inhibited DP motoneurones, an effect 
presumably attributable to the stretch receptors because squeezing TA, 
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unlike squeezing triceps surae, yields an appreciable discharge in stretch 
receptors. 

Stretching or squeezing extensor digitorum longus muscle about its 
middle produced effects similar to those obtained from TA. Since there 
are certain similarities in the shape and size of these two muscles it is 
probable from these results that there are many pressure-pain receptors 
located somewhere near the middle of this muscle also. 


DISCUSSION 


The main conclusions to be drawn from these results are that impulses 
from pressure-pain receptors connected to Group III fibres of LGS facilitate 
the BST monosynaptic reflex and inhibit their own, and although they 
sometimes facilitate those of pretibial muscles they more often inhibit 
them; pressure-pain receptors of TA (and probably also those of extensor 
digitorum longus) facilitate their own motoneurones and those of BST and 
they inhibit those of triceps surae. With the exception of one observation 
all the others are in conformity with the known effects of stimulating 
Group III fibres, i.e. they facilitate flexor muscles and inhibit extensors 
in accordance with the pattern of the flexion reflex (Lloyd, 19434; Eccles & 
Lundberg, 1959a; Kuno & Perl, 1960). However, pressure-pain receptors 
of different muscles are not equally effective in facilitating the flexion 
reflex, because facilitation of BST monosynaptic responses by LGS pressure- 
pain receptors is sometimes several times greater than that produced by 
TA receptors in the same experiment, in spite of the fact that there are 
apparently more pressure-pain receptors in TA than in LGS (Paintal, 
1960). The results also fit in with those of Brock ef al. (1951), because the 
pressure-pain receptors of extensors (triceps surae) inhibit their own, and 
those of flexors facilitate their own, motoneurones. This is what Brock et al. 
referred to as autogenetic inhibition and facilitation by Group III 


-fibres. 


The only observation that does not fit into the general scheme is the 
inhibition of TA or DP monosynaptic reflexes by pressure-pain receptors 
of LGS or by conditioning stimuli of Group III strength to the nerves of 
triceps surae. At first this was somewhat perplexing, but when the 
observations of Eccles & Lundberg (1959) were published the reason 
for this behaviour became understandable. Eccles & Lundberg have shown 
that volleys to Group III fibres of LGS can produce both excitatory and 
inhibitory post-synaptic potentials in DP motoneurones and that mixed 
effects are often in evidence in the same motoneurone. This they explained 
by suggesting that there are two pathways from high-threshold afferent 


fibres to flexor motoneurones—the excitatory one open normally in spinal 
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cats and the inhibitory one functioning when the excitatory one is sup- 
pressed, e.g. by low blood pressure (Eccles & Lundberg, 19596) or by 
suitable accessory stimulation (Kuno & Perl, 1960). However, this state 
of affairs applies to only certain muscles, because there are other muscles, 
e.g. BST which are not inhibited by pressure-pain receptors—this being 
in agreement with the observations of Eccles & Lundberg (19595). 

Tibialis anterior is probably an exceptional flexor in that it is made up 
of a mixture of slow and fast fibres, the latter occupying the more super- 
ficial part of the muscle (Gordon & Phillips, 1953). These subdivisions also 
differ in their reflex responses because Gordon & Phillips (1953) noted that 
the deeper motor units had a lower reflex threshold in response to pinching 
the toes and the superficial ones.a higher maximal frequency of firing in 
flexion reflexes. These differences must be kept in mind when interpreting 
reflex changes in the monosynaptic reflex of TA in response to stimulation 
of pressure-pain receptors.. 

If the DP motoneurones were the only flexor motoneurones that yield 
mixed responses to stimulation of pressure-pain receptors or their Group 


III fibres, one could, for the time being, ignore this solitary evidence that 


does not fit into the pattern of the flexion reflex. However, some other 
observations of Eccles & Lundberg (1959a) indicate that this is not the 
only exception, because Group III fibres of quadriceps can also inhibit 
semitendinosus motoneurones. This inhibition, which apparently appears 
at higher stimulus strengths, is not due to Renshaw inhibition (Eccles & 
Lundberg, 1959a). The authors suggested once again that this could be due 
to the existence of two pathways by which impulses in nigh tnrestioed 
muscle afferent fibres could act on flexor motoneurones. 

The reflex effects of pressure-pain receptors connected to Group II fibres 
have not been studied in detail because it was not possible to block all 
fibres other than those of Group II. On the other hand, while studying the 
effects of Group III pressure-pain receptors it was possible to block by 
repetitive antidromic stimulation all the endings connected to Group I and 
Group IT fibres. An important shortcoming of this method of blocking 
conduction of impulses in selected fibres is that the central effects of 
repetitive stimulation may be considerable in magnitude, and are largely 
unknown. This criticism must be kept in mind even though in this in- 
vestigation the nerve used for eliciting the monosynaptic reflex was not 
tetanized and the reflex effects of natural stimuli were examined only 
after the monosynaptic responses had become stabilized following the 
onset of tetanic stimulation (see Fig. 3). However, in spite of its limitations 
it can provide valuable information if the results are interpreted con- 


. Servatively, as has been done in this investigation. Besides, no other 


method (e.g. pressure, temperature, electrotonic block or local anaesthesia) 
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offers as precise a means of producing a graded and relatively constant 
block of impulses from sensory endings for prolonged periods. 

Although the results of the present investigation have provided good 
agreement between the effects of natural stimulation and the effects of 
nerve volleys, it must be pointed out that the interpretation of the effects 
of the latter have become complicated, since it is now known that Group II 
fibres innervate a heterogeneous group of stretch and pressure-pain re- 
ceptors (Paintal, 1960). In addition, some pressure-pain receptors are also 
connected to Group I fibres so that there are functionally three kinds of 
fibres in Group I. As was pointed out by Lloyd (1957), the effects of Group 
IT fibres connected to stretch receptors cannot be regarded as nociceptive 
and therefore the customary practice of lumping together the reflex effects 
of Group IT and Group III fibres, the latter being mostly connected to 
pressure-pain receptors, should perhaps be abandoned. | 


SUMMARY 


1. The posterior biceps semitendinosus (BST) monosynaptic reflex was 
conditioned by natural stimulation of sensory receptors of muscles and it 
was shown that squeezing the triceps surae near the tendo Achillis or the 
tibialis anterior facilitated this reflex in spinal cats. 

2. By applying pressure pulses locally and by blocking the endings of 
selected afferent fibres by stimulating them either tetanically or by single 
volleys, it was established that pressure-pain receptors connected to Group 
III afferent fibres facilitate the BST monosynaptic reflex. There was 
suggestive evidence that this reflex was also facilitated by endings con- 
nected to non-myelinated fibres. : 

3. Stimulating pressure-pain receptors of LGS inhibited triceps surae 


monosynaptic reflex and it sometimes facilitated DP monosynaptic 


reflex in accordance with the pattern of the flexion reflex. More frequently, 
however, it inhibited DP or TA monosynaptic reflexes markedly. This 
peculiarity has been discussed in relation to the findings of previous 
investigators. 

4. The results obtained show that stimulation of pressure-pain receptors 
connected to Group III fibres facilitates the flexion reflex and are in 
conformity with those obtained by stimulating the afferent fibres them- 
selves. 


I am indebted to Professor C. C. Hunt, Dr E. R. Per! and Professor A. Lundberg for 
valuable criticisms. 
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(Received 21 November 1960) 


Calcium and magnesium are known to influence the quantity of acetyl- 
choline (ACh) that is released by impulses in cholinergic nerves. Thus the 
output of acetylcholine from the superior cervical ganglion during stimula- 
tion of the preganglionic trunk is reduced when the perfusion medium is 
deficient in calcium (Harvey & MacIntosh, 1940) or when it contains 
excess Magnesium, and is increased when the medium contains calcium 
in excess of the usual amount (Hutter & Kostial, 1954); and there is 
electrophysiological evidence indicating that these two ions have similar 
antagonistic effects on the release of acetylcholine from motor nerve 
endings in skeletal muscle (del Castillo & Katz, 1956). 

The present paper offers evidence that barium, a divalent ion closely 
related to calcium and magnesium, also influences acetylcholine release 
from cholinergic nerves. A preliminary account of the findings was 
presented at the meeting of the Physiological Society in Lund last July 
(Douglas, Lywood & Straub, 1960). 


METHODS 


Preparation. Cats were anaesthetized with chloralose, 80 mg/kg, 1.v., following induction 
with ethylchloride and ether. One or-other superior cervical ganglion was prepared for 
perfusion after the method of Kibjakow (1933) with the modifications described by Perry 
(1953). The whole post-ganglionic trunk was included in the ligature embracing the nervous 
structures cranial to the ganglion, i.e. nerves IX, X, XI, and XII, to prevent leakage of 
perfusion fluid. The reservoirs containing the perfusion fluids were kept in a water-bath at 
38° C. When one fluid was substituted for another, the dead space of the perfusion system 
was rapidly flushed through a side arm in the inflow cannula in the common carotid artery, 
and the common carotid artery itself flushed through a second cannula inserted into the 
lingual artery. 

Stimulation. The preganglionic trunk was separated from the vagus and stimulated through 
bare platinum electrodes with pulses of 0-5 msec duration delivered through a stimulus 


* Present address: National Institute for Medical Research, Mill Hill, London, N.W.7. 
+ Present address: Physiological Institute, Robert-Koch Strasse, Cologne, Germany. 


One 
| 
Pst 
PS 
lg 
a 
8. 
t 
if 
Wy 
the 
t if 
- 
38 
tf) 
b 
7 
38 
ry 
M4, 
j 
‘a 
3 


4 


516 W.W. DOUGLAS, D.W. LYWOOD AND R. W. STRAUB 


isolation unit. Biphasic pulses were used to avoid polarization (action potential records 
showed that such stimuli did not set up repetitive responses). A liquid paraffin pool bathed 
the preparation and the nerve was not moved on the electrodes throughout the experiment. 
The frequency of stimulation was 2/sec except where otherwise noted. Occasionally con- 
tinuous stimulation was employed, but since ACh output falls off rapidly with such stimula- 
tion (see MacIntosh, 1959) short periods of stimulation were usually alternated with 
similar periods of rest. This latter procedure, which was previously adopted by Hutter & 
Kostial (1954), led tothe release of approximately equal amounts of ACh in successive periods 
of stimulation and allowed experimentally induced variations in ACh output to be more 
easily examined. The usual procedure was to stimulate for 5 min and to collect all the effluent 
during this period and the next 2 min. In this way a ‘stimulation sample’ was obtained 
containing all the ACh released by the stimulus without any being carried over into the 
next sample as a consequence of dead space in the collecting system. Then followed a period 
of 5 min during which a ‘resting sample’ of perfusate was collected in the absence of stimu- 
lation. This cycle was repeated as often as necessary. 

Solutions. Four different perfusion fluids were used. (1) Locke’s solution contained 
(mm): NaCl 154, KCl 5-6, CaCl, 2:2, Na, HPO, 2°15, NaH,PO, 0-85, glucose 10-0. (2) Locke’s 
solution with barium was as (1) except that 6 mm BaCl, was added. (3) Bari bstituted 
Locke’s solution was as (1) except that CaCl, was replaced by an equimolar amount of 
BaCl, (i.e. 2-2 mm). (4) Calcium-free Locke’s solution was as (1) except that CaCl, was 
omitted. All perfusions contained 10-* g eserine sulphate/ml. and were equilibrated with 
pure QO,. Their pH was close to 7:0. 

Precipitation of barium. Before testing the ACh content of the barium-containing 
perfusates, barium was precipitated by the addition of Na,SO, in amounts sufficient to 
leave an excess of sulphate of about 10 mm; the BaSO, thus precipitated was removed by 
filtration through a sintered glass filter. Separate measurements showed that ACh added 
to solutions which were treated in this way could be quantitatively recovered, and that any 
remaining traces of barium or the excess sulphate did not cause any detectable effect on the 
cat’s blood pressure in the amounts injected during the assays. 

Assay. ACh was assayed by its depressor effect on the systemic blood pressure of the 
eviscerated cat under chloralose (MacIntosh & Perry, 1950). Blood-pressure records were 
made with a pressure transducer and ink-writing oscillograph. Sample tests showed that 
the depressor effects were abolished by atropine sulphate 0-5 mg/kg 1.v., and that no 
depressor activity appeared in the samples when eserine sulphate was omitted from the 
perfusion fluid. 


RESULTS 
Locke’s solution with bariwm | 

The addition of 6 mm of barium to Locke’s solution caused a striking 
increase in the amount of ACh liberated by preganglionic stimulation in 
each of four experiments. All these were performed in the manner illus- 
trated in Fig. 1; thus, perfusion was begun with Locke’s solution and four 
control samples of effluent were collected. The first and third of these 
were obtained in the absence of nerve stimulation; the second and fourth 
during preganglionic stimulation at 2 shocks/sec. Immediately after the 
second period of stimulation (i.e. the fourth sample) perfusion with Locke’s 
solution was suspended and perfusion began with Locke’s solution with 
barium. Again four samples were collected, samples 5 and 7 in the absence 
of stimulation and 6 and 8 during stimulation. Finally, perfusion was 
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resumed with Locke’s solution and two more resting samples (9 and 11) 
and two more stimulation samples (10 and 12) were obtained. 

In all these experiments the ACh content of the samples collected during 
stimulation in the presence of barium (samples 6 and 8) exceeded that 
obtained in Locke’s solution alone. In three of the four experiments the 
effect was much more prenounced in the first of these periods of stimula- 
tion in the presence of barium (as in Fig. 1); but in the fourth experiment 
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Fig. 1. Increased ACh output caused by adding 6mm of barium to Locke’s 
solution. Each block represents ACh output from the perfused superior cervical 
ganglion for a 5 min period of preganglionic stimulation at 2/sec. © 


the two samples obtained during stimulation in barium were equally 

active. Barium approximately doubled ACh output in three of these 

experiments and caused about a fourfold increase in another (Fig. 1). 
The samples obtained in the intervals between periods of stimulation in 


— Locke’s solution usually contained no ACh detectable by the assay method 


used. Occasionally, when the assay cat was particularly sensitive, a few 
nanograms of ACh were detected in these ‘resting samples’. No obvious 
increase in this ‘resting output’ of ACh occurred during the first period 
after switching from Locke’s solution to Locke’s solution with barium 
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(sample 5) but in one experin.ent the samples collected following stimula- 
tion in the presence of barium contained more ACh than the control resting 
samples collected in Locke’s solution: the amount was too small to be 
assayed accurately. It was clear, however, from the assays of these 
‘resting samples’ that any effect of barium on ACh output in the absence 
of stimulation could not account for the large output which accompanied 
preganglionic stimulation. ) 


15 


ACh output (ng) 


oa 


Locke's solution Ba-substituted 
Locke’s solution 


Fig. 2. Maintenance of ACh output on substituting barium for calcium. The 
values plotted represent the ACh output in successive 5 min periods from the 
perfused superior cervical ganglion during continuous preganglionic stimulation 
at 1/sec. 


Barium-substituted Locke’s solution 


When the preganglionic trunk was stimulated continuously at 1/sec 
while the ganglion was perfused with Locke’s solution, the output of 
ACh was low but well sustained. If the Locke’s solution were changed for 
another, identical in all respects except that calcium was replaced by an 
equimolar amount of barium (barium-substituted Locke’s solution), 
ACh output was maintained (Fig. 2). Calcium-free solutions do not 
support ACh output in this way (Harvey & MacIntosh, 1940; and below) 
and it therefore appeared that barium could be substituted for calcium 
in these conditions. This possibility was more rigorously tested in experi- 
ments in which calcium deprivation (and a fall in ACh output) was estab- 
lished before testing the effect of barium. In such experiments the ganglion 
was first perfused with Locke’s solution. Then this perfusion was changed 
to calcium-free Locke’s solution and ACh output was shown to fall. 
Thereafter perfusion was continued with barium-substituted Locke’s 


. 
ig 
| 
| 
| 
| 
| 
| 
| 
; 
] 
{ 
| 
j 
= 
ik 
= 
f 
* 
bie 
> 
¥ 
& 


BARIUM ON ACETYLCHOLINE RELEASE 519 


solution, and finally again with Locke’s solution. In each of these experi- 
ments ACh output: fell to very low values with calcium-free Locke’s 
solution. But soon after beginning with barium-substituted Locke’s 
solution ACh output recovered to levels similar to those found in Locke’s 
solution (Fig. 3). No ACh was detected in the samples obtained during 
perfusion with barium-substituted Locke’s solution in the absence of 
stimulation. 
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Fig. 3. The restorative effect of barium on ACh output depressed by calcium 

deprivation. Each block represents ACh output from the perfused superior cervical 

ganglion for a 5 min period of preganglionic stimulation at 2/sec.. Note: no output 

of ACh in the absence of calcium was detected; the value plotted gives an upper 
_ estimate based on the sensitivity of the assay. | 


DISCUSSION 


The effect of barium at the superior cervical ganglion resembles that 
of calcium, in that when added to Locke’s solution it augments ACh 
output and when added to calcium-free Locke’s solution it restores ACh 
output. Although calcium has an obviously important role in controlling 
ACh release its mode of action is obscure. Hodgkin & Keynes (1957) have 
demonstrated that there is an increased entry of calcium ions into squid — 
nerve during activity, and that this increases with increasing extracellular 
calecium-ion concentration, as does the efflux of ACh from the ganglion. 
They have also found that this influx of calcium is depressed by magnesium 
ions, as is the efflux of ACh from the ganglion. Both they, and Birks & 
MacIntosh (1957) have postulated that calcium ions release ACh by entering 
the nerve terminals during the impulse and disrupting the ACh-retaining 
structures. It seems probable that barium acts in the same way. Barium 
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is not only closely related to calcium in its chemical properties, but also 
appears to penetrate axons during the impulse; thus Greengard & Straub 
(1959) have observed action potentials in mammalian B and C fibres 
maintained in isotonic barium chloride, and have concluded that the 
inward current is carried by barium ions. 

The hypothesis that barium acts in much the same way as calcium on 
what we might loosely refer to as the ‘calcium receptor for ACh release’ 
readily explains the two principal observations in our experiments; the 
stimulant effect of barium on ACh release when added to Locke’s solution, 
and its restorative effect on ACh output when added to calcium-free Locke’s 
solution. The hypothesis, however, does not adequately account for such 
large increases in ACh output as shown in Fig. 1, for in Hutter & Kostials’ 
(1954) experiments the addition of 6-14 mm of calcium no more than 
doubled ACh output. This would suggest that barium has some additional 
action. It has been known for some time that barium can lead to repetitive 
responses from nerve terminals (Dun & Feng, 1940) and axons (Lorente 
de N6 & Feng, 1946) and this might obviously increase ACh output. 
‘Alternatively, barium may influence ACh output by altering the shape of 
preganglionic action potentials, for barium is known to prolong the falling 
phase (negative after-potential) of the action potential in muscles (Fatt & 
Ginsborg, 1958) and in nerves (Lorente de N6 & Feng, 1946), including 
mammalian B and C fibres (Greengard & Straub, 1959); and there is 
electrophysiological evidence indicating that when the action potential is 
thus increased (as for example by passing hyperpolarizing currents 
through the nerve terminals) the output of ‘transmitter’ is increased 
(del Castillo & Katz, 1956). 

Whatever the explanation, it is clear that barium increases the amount 
of ACh released by preganglionic stimulation, and it is of interest to relate 
this to some of its known pharmacological actions. Although the best 
known action of barium is its direct spasmogenic effect on smooth muscle, 
Ambache (1946) and Feldberg (1951) obtained evidence that it could also 
excite ganglion cells in the intestine; and Ambache (1949) showed that 
barium excited ganglion cells when injected into the superior cervical 
ganglion. These effects of barium in the intestine or superior cervical 
ganglion were depressed by hexamethonium or nicotine. It is possible 
that some of the ganglion-stimulating effect of barium is due to its in- 
creasing ACh release from active presynaptic terminals. This would certainly 
account for the inhibitory effects of nicotine and hexamethonium. It 
must be mentioned, however, that Ambache (1949) was able to obtain 
stimulant effects of barium on the superior cervical ganglion after chronic 
degeneration of preganglionic endings, so that barium seems to be able 
to stimulate ganglion cells directly. Barium is also known to have an 
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eserine-like effect at the neuromuscular junction (Feng, 1937), and it will 
be of interest to see whether this too is attributable to barium increasing. 
ACh output. 


SUMMARY 


1. Experiments have been made on the effect of barium on the release 
of ACh from the perfused superior cervical ganglion of the cat. 

2. The addition of 6mm of barium to the Locke’s solution used to 
perfuse the ganglion increased the amount of ACh released by preganglionic 
stimulation about twofold or more. | 

3. When calcium was absent from the perfusion fluid, ACh output 
could be sustained or restored by the addition of 2 mm barium. 

4. It is suggested that barium may act in part by participating in the 
calcium-receptive mechanisms for ACh release, and in part by altering the 
action potentials of preganglionic nerves. 


This investigation was supported by research grants (B-1093 and B-1319) from the 
National Institute of Neurological Diseases and Blindness of the National Institutes of 
Health, United States Public Health Service. 
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THE PREPARATION AND PROPERTIES OF GASTRIN 


By R. A. GREGORY anp HILDA J. TRACY 
From the Physiological Laboratory, University of Liverpool 


(Received 21 November 1960) 


J. 8. Edkins (1905, 1906) was the first to report that extracts of pyloric 
mucosa stimulated gastric secretion when injected intravenously into 
anaesthetized cats. He suggested that the active principle, to which he 
gave the name ‘gastrin’, exercised a hormonal role in the stimulation of 
gastric secretion following'a meal. At the time there existed little or no 
evidence from physiological experiments to support such an hypothesis; 
and although Edkins claimed that in the cat and dog gastrin activity was 
largely confined to the pyloric region, it was soon shown by those who 
attempted to confirm his results that simple extracts made from all 
regions of the stomach, and indeed from most tissues in the body, contained 
a strong stimulant of gastric secretion (Lim, 1922). This ubiquitous 
secretagogue was eventually identified as histamine (Barger & Dale, 1910; 
Dale & Laidlaw, 1910; Popielski, 1919), and the failure of attempts to 
find in pyloric mucosal extracts any stimulant of gastric secretion other 
than histamine (Sacks, Ivy, Burgess & Vandolah, 1932; Gavin, McHenry 
& Wilson, 1933) fostered a general belief that the activity of Edkins’s 
extracts was most probably attributable to the presence of that substance. 

This view was radically changed by the work of Komarov (1938, 
1942a, b) who recognized that the antral hormone might be of protein 
nature. If so, it would have been removed, but histamine spared, in the 
deproteinizaton procedures employed by all those who had previously 
sought to identify the secretagogue present in their extracts. Komarov 
showed that trichloroacetic acid would precipitate from an acid aqueous 
extract of antral mucosa a protein fraction which was apparently free from 
histamine but which on injection into anaesthetized cats and conscious 
dogs would stimulate the secretion of gastric acid, though not of pepsin. 
In the stomach the active principle was found only in the. pyloric region; 
a small amount was detected in duodenal extracts. The preparations 
described by Komarov were of low potency, though non-toxic when 
injected intravenously, and did not stimulate secretion when injected 
subeutaneously into conscious dogs provided with gastric fistulae or 
pouches. This was regarded as further evidence that the active principle 
was of protein nature and therefore not readily absorbed when administered 
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in this way, and also that the power of the extracts to excite secretion when 
injected intravenously or intramuscularly was not due to the presence in 
them of histamine. 

Methods for the preparation of gastrin were later described by Uvnis | 
(1943a, b, 1945a), Munch-Petersen, Rénnow & Uvniis (1944), Harper 
(1946) and Jorpes, Jalling & Mutt (1952). These workers all tested their 
extracts by intravenous injection into anaesthetized cats, and expressed 
the potencies of them in similar terms to that introduced by Komarov 
(1942a); one unit of gastrin caused the secretion of 1 ml. of acid gastric 
juice in an anaesthetized cat during 1 hr after an intravenous injection. 
Komarov’s most potent preparations contained one unit in 2-5 mg; 
Uvniis (1945a) and Jorpes ef al. (1952) obtained preparations having a 
potency of 1-10 units/mg. 

Although these investigations establish beyond doubt that gastrin 
extracts made by the methods described will stimulate secretion in anaes- 
thetized cats, very little evidence has been brought to show that such 
preparations are active when injected into conscious animals; only two 
descriptions of such an experiment exist. Komarov (19425) gave 200 mg 
of one of his preparations (‘purified gastrin I’) as a single intravenous 
dose to a conscious gastric-fistula dog; it caused the secretion during the 
next 70 min of 20-5 ml. of acid gastric juice. The same amount of the 
same extract, injected intravenously in five divided doses into an anaes- 


thetized cat, caused the secretion of 8-6 ml. of juice. Linde (1950) injected 


slowly intravenously (25 mg/hr) into conscious dogs provided with gastric 
pouches a preparation made by Jorpes & Mutt, which had been shown to 
be highly active in the anaesthetized cat. In two of Linde’s experiments 
there was no response; in the other two a small secretion occurred, the 
maximal rate being 1-7 ml. in 10 min. Ivy (1941) and Grossman (1950) 
reported that their efforts to prepare gastrin extracts were usually un- 
successful, and there is reason to believe that they tested their preparations 
by injection into conscious gastric-pouch or fistula dogs. 

A gastrin preparation which would stimulate gastric secretion in con- 
scious animals as effectively as does histamine would clearly be of the 
greatest value for many purposes, including clinical studies. In fact, the 
work with which this paper is concerned arose out of the need to obtain 
a gastrin extract which would stimulate secretion in the conscious dog, 
and against which could be tested the action of fat in the duodenum, with 
a view to elucidating the mechanism by which the hormone enterogastrone 
inhibits gastrin secretion (Gregory & Tracy, 1959a). The method which 
has been evolved provides a highly purified and potent preparation which 
stimulates the secretion of gastric acid but not of pepsin in conscious 
gastric-fistula and pouch dogs. In contrast with all preparations previously 
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described, it is effective on subcutaneous injection, as well as Salewreieiily 


or intramuscularly ; and it has been shown to be suitable for experiments . 


in the human subject. A preliminary account of the work has already 
been given to the Physiological Society (Gregory & Tracy, 19596, 1960). 


Development of the method 


At the outset attempts were made to repeat the methods of preparation 
described by previous investigators, testing the products by slow intra- 
venous injection into conscious gastric-pouch and fistula dogs. The 
experience thus gained showed that two major problems had to be solved 
before a gastrin preparation could be obtained which might be suitable 
for refinement by such techniques as chromatography or electrophoresis. 
The first of these was to find a satisfactory method of initial extraction of 
the fresh tissue. Fresh antral mucosa is very tough and cannot easily be 
ground or minced; furthermore, aqueous solvents such as dilute acid 
extract a large amount of mucin, which interferes with subsequent 
deproteinization. Komarov, and Uvnis and his co-workers, extracted 
the fresh mucosa with hot dilute acid; some inert protein was removed 
by partial neutralization and the supernatant fluid then treated with 
trichloroacetic acid. In our hands this method proved unsatisfactory 
since the initial acid extraction resulted in a broth-like fluid, and when this 
was treated with trichloroacetic acid, there was obtained only a very small 
precipitate which contained but little activity. 

Harper (1946) used the ethanol extraction introduced by Mellanby (1932) 
for the preparation of secretin, but the procedure was not fully described 
in the preliminary account of the work and no further report was made. 
Jorpes et al..(1952) extracted the mucosa (which was previously heated to 


stop enzyme action) with acid methanol, and collected the precipitate 


which appeared when this was adjusted to pH 7. This method appeared to 
offer great promise, but trials of it were disappointing; the activity of the 
product was found to be very low when tested as described above. 
However, these instances of the use of non-aqueous solvents suggested 
a procedure based on that used by Lim, Ling & Liu (1934) in their attempts 
to extract enterogastrone from hog intestine. They treated the fresh 
duodenal mucosa with picric acid, which precipitates protein and stops 
enzyme action, and then extracted it with 80% acid ethanol. The active 


_ material was recovered by the addition of a large volume of acetone. This 


procedure was modified for the extraction of antral mucosa, acetone being 
used instead of ethanol, and the extract being treated with ether to remove 
picric acid and acetone, so that there finally remained a relatively small 


aqueous residue. This, when freed from ether, could be cleanly precipitated 


by trichloroacetic acid. The heavy protein precipitate thus obtained was 
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soluble in dilute acid, and it proved to be rich in gastrin activity. This 
method of obtaining a crude aqueous extract of the mucosa was used 


until comparatively recently, and reference is made to it in the preliminary 


accounts of the work reported here. It also formed the basis of the 
extraction procedure used by Gregory, Tracy, French & Sircus (1960) in 
their demonstration of the presence of gastrin-like activity in the pancreatic 
tumour from a patient showing the Zollinger—Ellison syndrome. However, 
further studies led to the later introduction of a new and superior procedure 
for the initial extraction of the fresh mucosa, based upon the observation 
that gastrin is highly soluble in aqueous acetone in the presence of tri- 
chloroacetic acid. The antrums obtained at the abattoir were immersed 
in a 4% solution of trichloroacetic acid after inversion and trimming. In 
the laboratory the mucosa was removed and extracted during the night 
with acetone containing 4° trichloroacetic acid; the quantity of acetone 
used in relation to the weight of the mucosa was such that the final 
concentration of acetone in the extract was approximately 70-80%. The 
extract was freed from trichloroacetic acid and acetone by the addition 
of HCl and extraction with ether. 

The crude aqueous residue obtained by either of these salitbvots of 
extraction contained large amounts of denatured protein which was in- 
soluble between pH 4 and 10, and when precipitated adsorbed the greater 
part of the gastrin activity. The bulk of this inert protein could be removed 
by precipitating it in hot solution at pH 8-5 in the presence of approxi- 
mately 2°% NaCl; the clear supernatant fluid was rich in gastrin. The 
latter could be completely recovered, together with some remaining 
protein which acted as a ‘carrier’, by saturation with sodium chloride 
at room temperature at pH 4:5. The precipitate which formed was easily 
collected by filtration and then dissolved in a relatively small volume of 
0-1 N-HCI. This solution was freed from more inert protein by repetition 
of the precipitation in hot solution at pH 8-5. The supernatant from this 
procedure was then precipitated twice with trichloroacetic acid, which 
removed NaCl and remaining traces of histamine. The second precipitate 
was converted by treatment with acid acetone and ether into a powder 
which was freely soluble in water, the solution having a pH of about 3. 
On neutralization there appeared a precipitate which contained most of 
the gastrin activity; it redissolved at pH 8-9. Extracts made from this 
powder were free from significant amounts of histamine and showed 
excellent evidence of gastric activity when injected into conscious dogs 
in amounts equivalent to 10-20 g of mucosa. 

The next step was to find some means of freeing the gastrin activity 
from the residuum of denatured protein which still formed the bulk of the 
crude powder described above, and this proved to be the second major 
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problem in the purification of the hormone. A variety of protein precipita- 
tion procedures were tried without success; the only one which offered 
any promise was that introduced by Ivy & Greengard (1938) in their 
preparation of crystalline secretin, in which inert protein was precipitated 
from an acid solution in 80% acetone by the addition of aniline. When this 
procedure was applied to the crude powder described above, recovery of 
gastrin activity in the supernatant was found to be variable, and in general 
inadequate; but the results prompted a study of the influence of pH on 
the precipitation of inert protein from a solution of the powder in acid 


aqueous acetone. It was eventually found that by dissolving the powder 


in water at pH 10 by addition of a strong organic base (piperidine), 
adding acetone to 80% and then reducing the pH to 8-5 by addition of 
an organic acid (acetic) most of the inert protein present (about 80%) 
could be cleanly precipitated, while the gastrin activity remained in the 
clear supernatant fluid. From this it could be recovered in the aqueous 
residue resulting from ether extraction. 

The solution thus obtained had a pH of approximately 7, and contained 
about 0-2% NaCl. It was found to be suitable for fractionation on a 
column of calcium phosphate gel, the use of which in this connexion had 
already been contemplated in view of its successful use in the purification 
of urogastrone (Gregory, 1955). At an appropriate pH the gastrin present 
in the solution was completely retained by such a column, and after washing 
with water, which removed almost all the biuret-reacting material present, 
the gastrin could be completely eluted by a low concentration of phosphate. 
The actual weight of material thus obtained could not be determined, 
since no satisfactory means could be found of freeing the solution from 
phosphate, but microchemical analysis showed that an amount of the 
product equivalent to 1 kg of mucosa contained about 0-5 mg total N. 
These observations were combined to form the method now to be described. 


METHODS 


Stage I. Hog antrums are obtained at the abattoir as soon as practicable after killing. 
They are turned inside out, washed briefly in cold water and trimmed free of duodenal and 
corpus tissue. They are then immersed in 4-5 % trichloroacetic acid solution and brought 
to the laboratory. Twenty-four to thirty antrums provide about 1 kg of mucosa, and the 
ensuing directions refer to the processing of this amount of material. | 

Each antrum is slit open and the mucosa removed in large strips with toothed forceps 
and curved scissors. The strips are weighed and then immersed in a volume of acetone 
(containing 4-5 % trichloroacetic acid) equivalent to twice their weight. The vessel used 
should be shallow, so that the strips occupy most of the volume of liquid, and must be well 
covered. The contents are stirred from time to time and then left during the night at room 
temperature. The next morning the mixture is stirred up and then decanted. It is filtered 
through coarse fluted papers (Green 904}) into two 4-1. bottles; the filtrate is dark and 
usually cloudy. To each bottle is added 5 ml. of 10 n-HCl and two volumes of ether. The 
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mixture is well shaken for 1-2 min and then left until separation is complete, when the clear 
brown ethereal phase is removed by siphon or suction. The two aqueous portions are com- 
bined in a small glass-stoppered bottle and extraction continued as before with three 
successive portions of ether (1 volume). The volume of the aqueous residue is measured and 
its pH adjusted to 3 with 2 n-NaOH., 

It is cautiously heated in a large evaporation dish on an electric water-bath, preferably in 
a current of air, until all the ether is removed, and then transferred to a beaker; heating is 
continued to 70-80° C. The pH is then raised first to 5-5-5 by slow addition of 2 N-NaOH, 
with constant stirring, and after 5-10 min at the same temperature to 8-5 by addition of 
ammonia solution (0-880 ammonia diluted with an equal volume of water); the temperature 
is then maintained for a further 5 min. The mixture is briefly centrifuged and the clear 
golden-yellow supernatant fluid collected ; the pH is reduced to 4-5 by addition of 10 n-HCI. 

The residue in the centrifuge cups is suspended in a volume of 0-1 N-HCl equal to that of 
the original aqueous residue and heated to 70-80° C for 5-10 min; partial resolution occurs. 
One-twentieth volume of 30% NaCl solution is added; the pH is raised to 5-5-5 by addition 
of 2 n-NaOH, and after 5-10 min to 8-4 by addition of ammonia solution. The temperature 
is maintained for 5 min and the mixture then briefly centrifuged. The clear faintly pigmented 
supernatant is brought to pH 4-5 and added to the first, and the solution cooled to room 
temperature. 

Sodium chloride crystals, to give a final concentration of 30 %, are now added with constant 
stirring by a motor-driven propeller, and after 60 min the flocculent precipitate is collected. 
This may be done by centrifuging at high speed for 15-20 min but a more convenient and 
effective method is by filtration, using a glass-fibre paper (Whatman) supported on a coarse 
_ paper (Green 904) and adding 2 g of acid-washed ‘Hyflo Supercel’ to the suspension. With 
moderate suction filtration is rapid; the cake is washed with 30% NaCl solution before 
being sucked as dry as possible. The cake is then suspended in 100 ml. of 0-1 N-HCl. The 
suspension is heated to 70—80° C; after 5-10 min the pH is raised first to 5-5-5 with 2 N-NaOH 
and then after a further 5 min to 8-5 with ammonia solution. The temperature is maintained 
_ for 5 min and the suspension then briefly centrifuged. The clear pigmented supernatant is 

collected and its pH brought to 7 by addition of 10 n-HCl. 

_ The residue in the centrifuge cups is suspended in 100 ml. of 0-1 N-HCland the temperature 
of the suspension raised to 70-80°C. After 5-10 min, sodium chloride (4:5 ml. of 30% 
solution) is added and the procedure of precipitation at pH 5-5-5 and 8-5 repeated as before. 
The second supernatant is brought to pH 7 and combined with the first. 

The volume of the solution is measured and it is cooled to 10° C. An amount of trichloro- 
acetic acid crystals calculated to give a final concentration of 4-5 % is dissolved in a small 
volume of water (20 ml.) and added to the cooled supernatant at a slow drip rate with constant 
stirring by a motor-driven propeller; the addition should take at least 15.mii. The mixture 
is left in the refrigerator for a further 45 miri and then centrifuged for 5 min. The perfectly 
clear supernatant is poured off and the insides of the eups wiped dry. The precipitate is 
stirred up in water to a total volume equal to that of the original combined supernatants; 
it dissolves, forming a clear green solution, and gentle warming will facilitate the process. 
It is important to disperse all lumps while the volume in which the precipitate is suspended 
is still small. When solution is complete, the liquid is cooled to 10° C and precipitated with 
trichloroacetic acid as before. 2 

After centrifuging for 10 min and draining and wiping out the cups, the precipitate in 
each is stirred up in a very small volume of acetone (2-5 ml.). The precipitate can usually — 
be made to dissolve to a green viscid opalescent solution, due to the presence in it of residual 
aqueous trichloroacetic acid, but if this cannot be accomplished, all lumps are dispersec 
with a spatula as finely as possible before adding acetone with constant stirring so as to 
half-fill the cup. A heavy flocculent precipitate with curdy supernatant forms. Hydro- 
chloric acid (10 x) is now added, with stirring, in the proportion of 2 ml. to 100 ml. acetone, 
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and the mixture well shaken; any remaining lumps must be finely dispersed with a spatula, 

Finally, ether is added to fill the cup and the mixture well shaken. After a few minutes 

the cups are centrifuged for 5 min at high speed. The clear supernatant is poured off and 

the gummy precipitate resuspended finely in acetone. After centrifuging, the acetone is 

removed by suction; this must be done with care, as the precipitate is now granular and 

does not pack well. The precipitate is finally washed in the same way with ether, which is 

also removed by suction. The cups are left on their sides for a few hours or during the night; 

the precipitate dries out perfectly. It is weighed and stored in a bottle in the dark. The 
yield is 600-700 mg from 1 kg of mucosa; the activity remains unchanged for at least six 
weeks, 

Stage II. The powder obtained from Stage I (approx. 600 mg) is dissolved in 30 ml. of 
water in a 300 ml. beaker. Solution may be facilitated by warming, but the solution must: 
be cooled to room temperature before proceeding. The pH is first brought to 5-5-5 by 
addition of 2 N-NaOH; a heavy flocculent precipitate appears. The pH is then raised to 
10—10-5 by addition of a few drops of piperidine; the ‘purified’ reagent (British Drug Houses 
Ltd.), which is colourless, must be used. The precipitate dissolves completely and a pale 
green perfectly clear solution results. Acetone (120 ml.) is slowly added, with constant 
stirring; a curdy precipitate, with cloudy supernatant, forms. Acetic acid (5 ml. of glacial 
acetic acid diluted to 100 ml. with water) is next added drop by drop, with constant stirring, 
so as to bring the pH gradually down to 8-5. The mixture is poured into a dry centrifuge cup 
and vigorously shaken. After standing a few minutes, it is briefly centrifuged and the 
perfectly clear, almost colourless, supernatant poured off into a one-litre separating funnel. 
The precipitate is resuspended in a total of 30 ml. of water in the centrifuge cup and a drop 
or two of piperidine added to effect perfect solution as before. The liquid is then transferred 
to the original beaker and the precipitate adhering to the sides of this also brought into 
solution. Sodium chloride (0-1 ml. of a 30% solution) is added, and the precipitation at 
pH 8-5 in 80% acetone repeated exactly as before; the addition of a small amount of NaCl 
is necessary at this point, as the second supernatant is otherwise opalescent. The second 
supernatant is poured into a second separating funnel and about 600 ml. of ether added to 


_. each. The contents are well shaken and the aqueous phases removed and combined after 


separation is complete. The ethereal phases in each funnel are shaken with 20 ml. portions 
of water, and these are added to the previous aqueous fractions after separation. 

The clear almost colourless solution thus obtained is extracted with two to three volumes 
of ether twice more in a smaller separating funnel or stoppered measuring cylinder (removing ~ 
the ether by suction) and then transferred to a flask fitted with a side arm and a capillary 
air inlet which does not dip into the liquid. The flask is evacuated and the liquid swirled 
about the walls until all ether has been removed; brief warming in water at 30-40° C is 
permissible. 3 

' The faintly pigmented clear solution which finally results has a volume of about 100 ml., 
contains about 0-2% NaCl, and has a pH approximately 7; it is usually clear but may 
become faintly cloudy on standing. To ensure complete and permanent solution of the 
small amount of denatured protein which is still present, the pH is first raised to 9-9-5 with 
ammonia solution, and then returned to 7-0 with dilute acetic acid. The solution is now 
ready for Stage III of the preparation. It must be emphasized that Stage IT preparations 
which are definitely cloudy are not suitable for use in Stage III; the denatured protein which 
has been precipitated adsorbs the greater part of the gastrin present, and this cannot be 
recovered from the calcium phosphate column. | ae 

Stage III. A preparation of calcium phosphate gel suitable for the further purification 
of the Stage II product is made as follows. Five hundred millilitres of 0-5. molar CaCl, 
solution is added to 11. of 0-5 molar Na,HPO, solution at a moderate drip rate (about 
2 drops/sec) with constant vigorous stirring, using a motor-driven glass propeller. The 
precipitate which forms is washed repeatedly by decantation (six times is adequate) with 
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1-1. portions of distilled water until no more than a trace of Cl- is detectable in the super- 
natant. The gel is finally made up to a volume of 250 ml. with distilled water and stored in 
a plastic bottle in the refrigerator; it is not advisable to use it for longer than one month after 
preparation. 

For the routine treatment of Stage II solutions a short column is made from the gel in a 
simple chromatography tube. This is constructed from a length of glass tubing about 15cm 
long and 15-20 mm internal diameter, with a narrow outlet tube about 20 mm long, the 
entrance to which from the wider tube is blocked by a plug of cotton-wool during use. 
A short length of rubber tubing, fitted with a screw clip and a glass tip, completes the 
assembly. There is also required a mixer, consisting of a stainless-steel or Perspex plate 
machined to fit the tube closely and freely perforated, to which is attached a central metal 
rod. The outlet of the tube is closed, and about 25 ml. of gel suspension poured in. It is 
mixed for a moment or two with the implement described above; the fit of this in the tube 
must not be so close that packing of the gel occurs. The outlet of the tube is then opened and 
gentle air pressure applied to the top of the column. As liquid leaves the outlet at a 
moderate drip rate, the column is seen to form perfectly evenly from below upwards; an 
amount of gel should be used which gives a column 3-4 cm long. When formation of the 
column is complete, the pressure is released and the outlet closed; some clear liquid remains 
above the top of the column. i 

A circle of wet filter paper (Whatman No. 4) cut to fit the end of the mixer is now applied 
to the latter and brought down to the top of the column; it is important not to trap an air 
bubble beneath the paper, and the column must not be compressed. The liquid above the 
column is now removed by suction and it is ready for use. 

The Stage II solution is run on without disturbing the column and allowed to pass through 
at a slow rate (25 ml./hr). It is followed by 50 ml. or more of distilled water at a slightly 
faster rate. Finally, the activity is displaced by passing a solution of Na,HPO, (m/50, 
anhydrous salt 0-28 g/100 ml.) at a slower rate (10 ml./hr). 

There is no visible guide, either in ordinary or U-V light, to the progress of displacement, 
and the simplest means of ensuring complete recovery of the activity is to collect a total 
of 20 ml. of effluent. This contains only a small amount of phosphate, owing to its adsorption 
on the column. Alternatively, the effluent may be collected in 1-2 ml. fractions and the 
presence of biuret-reacting material in these determined by the micro-method of Lowry, 
Rosebrough, Farr & Randall (1951). If this'is done it is found that a sharp peak emerges 
first at the front of the displacing phosphate solution, followed by a ‘tail’. By pooling and 
testing appropriate groups of samples it will be found that the region of the ‘peak’ contains 
all the gastrin activity. If the column has been adequately washed before passing the 
phosphate solution, as indicated by negligible biuret values for the fractions in advance of 
the ‘peak’, the active fractions obtained have a very low total N content (approximately 
0-5 mg corresponding to 1 kg mucosa). The solution of gastrin thus obtained is colourless 
and has a pH of approximately 7-0. For use in physiological experiments it is made approxi- 
mately isotonic by addition of 30% NaCl solution and stored in plastic bottles in the deep- 
freeze; the activity remains undiminished for months. 

Testing of extracts. The object of the work reported here was to obtain a gastrin preparation 
which would stimulate secretion in the conscious dog. For this reason no tests were made 
on anaesthetized animals when the method was being developed. The discovery early in 
the work that the extracts obtained, though free from significant amounts of histamine, 
would stimulate secretion when injected subcutaneously in conscious dogs greatly facilitated 
the work, and this method of injection was subsequently used routinely, No attempt was 
made at formal assays of active extracts, e.g. by comparison with the response to a standard 
dose of histamine. Attention was simply directed towards selecting those fractionation 
procedures which gave thé most active preparations when these were injected by the same 
route (subcutaneously) into the same dogs, in amounts equivalent to the same weight of 
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mucosa (e.g. 20 g). The response of a given dog to the same preparation on different occasions 
was found to be consistent, provided that the animal was in a basal state before use (having 
fasted 12-18 hr). Routine testing was carried out on dogs provided with denervated fundic 
pouches (Gregory, 1958) or simple gastric fistulae (Gregory, 1955). The latter are much more 
sensitive, partly because the entire stomach is being used for collection of juice, and partly 
because the vagal innervation is intact; but it was found important to take account of the 
liability of some of such animals to secrete spontaneously at the time of an expected meal. 
A further consideration in the selection of animals for use in testing is the fact that different 
dogs, whether provided with a denervated fundic pouch or a gastric fistula, vary considerably 
in their sensitivity not only to gastrin but also to meals and histamine injections. Only 
those dogs were used which were known to respond well to the latter forms of stimulation, 
and these animals gave consistently good responses to gastrin injections. 

Until some experience of using the method has been gained, it is advisable to test for the 
presence of activity in the powder obtained at Stage I, and this may be done as follows. 
An amount of powder equivalent to 100 g mucosa (approx. 60 mg) is heated with 10 ml. 
of 0-9% NaCl solution to about 70° on a water-bath until the solution is perfectly clear. 
Thé pH is raised to 5-5-5 by dropwise addition of 0:1 N-NaOH, and after 5-10 min at the 
same temperature, to 8-5 with dilute ammonia solution. The temperature is maintained for 
a further 5 min and the mixture then cooled to room temperature. It is briefly centrifuged 
and the perfectly clear faintly pigmented supernatant fluid collected. An amount equivalent 
to 10-20 g mucosa is taken for injection into a conscious dog. The Stage II solution may be 
tested after addition of 30% NaCl solution to approximate isotonicity. 

It must, however, be emphasized that if these solutions are opalescent or cloudy when 
injected the response obtained will be slow in onset, of long duration and relatively small 
peak magnitude. This is apparently attributable to adsorption of gastrin on imperfectly 


dissolved denatured protein. However, even when such solutions are perfectly clear, the 
_ response obtained is often smaller than that observed on injection of the final preparation. 


The reason for this is obscure, but it indicates that final judgement as to the total activity 
present in a preparation should be reserved until the Stage III product has been tested. 


RESULTS 


Secretory responses in conscious dogs 
Subcutaneous injection. Perhaps the most striking observation reported 
here, and certainly in view of all previous information the most unexpected, | 
is that the preparation described is at all stages effective in stimulating 
secretion when injected subcutaneously, as well as intramuscularly or 


intravenously. Figure 1 shows the response of a gastric-fistula dog to a 


subcutaneous injection equivalent to 20 g mucosa. Secretion began within 
15 min of injection and reached its peak after about 60 min. The maximal 
rate of acid output was about half that obtainable in the same dog with 


histamine. The response of the same animal to the subcutaneous injection 


of 1 mg histamine acid phosphate is shown for comparison. 

The responses of dogs provided with completely denervated fundic 
pouches to subcutaneous injections of the preparation were closely similar, 
except that secretion did not commence within 15 min after injection 
unless the dose was a large one, and the response was often quite protracted 
lasting 2-3 hr before coming to an end (Fig. 2). In neither type of pre- 
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paration was any evidence obtained of a stimulation of pepsin secretion. 
In gastric-fistula dogs the pepsin concentration in the juice, measured by 
the method of Hunt (1948), fell to a low level as the response became 


established, and the calculated output values remained substantially 


unchanged throughout the response. In fundic-pouch dogs the pepsin 
concentration fell to values not significantly greater than the controls. 
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Fig. 1. Response of a conscious gastric fistula dog (weight 10 kg) to a subcutaneous 

injection (at G) of gastrin (equivalent to 20 g mucosa). At H (another experiment) 

a subcutaneous injection of 1 mg histamine acid phosphate. ~ 
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Fig. 2. Response of a denervated fundic pouch in a conscious dog (weight 19-5 kg) 
to a subcutaneous injection at G of gastrin (equivalent to 20 g mucosa). 
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Intramuscular injection. The responses of dogs provided with either 
a gastric fistula or a denervated fundic pouch to intramuscular injections 
were closely similar in form to those obtained on subcutaneous injection, 
though sometimes somewhat smaller in total magnitude. 
Intravenous injection. Single intravenous injections were relatively 
ineffective in exciting secretion. In dogs with denervated fundic pouches 
the intravenous injection of an amount of the preparation equivalent to 
20 g mucosa was not usually followed by any significant secretory response. 
In gastric-fistula animals, which are much more sensitive, a response was 
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Fig. 3, Responses of @ conscious gastric fistula dog (weight 10 kg) to (A) sub- 
cutaneous and (B) intravenous injection of gastrin (G) equivalent to 30 g mucosa. 


sometimes obtained, but it was small compared with that produced by 

similar injection given subcutaneously (Fig. 3). Continuous intravenous 
injection of a dose, e.g. equivalent to 20 g mucosa, over a considerable 

period of time (30-60 min), or the repeated injection of small fractions of 
the total dose at frequent intervals (5 min) caused responses which 
compared closely with those obtained when the same amount of material 
was given as a single subcutaneous injection. 

1 . The effect of atropine. When the preparation was injected subcutaneously 
at regular intervals (30 min), or given continuously intravenously by a 
motor-driven syringe, a steady secretory response could be maintained 
for hours without significant decline, even at rates which approximated 
to the maximal obtainable by the similar administration of histamine. 
If during such a steady near-maximal response in a gastric-fistula dog 
atropine was injected intravenously, there occurred a considerable and 
sustained reduction in the rate of secretion (Fig. 4). However, acomparable 
or smaller response maintained in the same dog by the similar injection 


of histamine was almost unaffected by the same dose of atropine. 
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Fig. 4. The effect of 1 mg atropine intravenously on the secretory response to 


repeated subcutaneous injections of gastrin at arrows (an amount equivalent 
to 10 g mucosa every 30 min). Conscious gastric-fistula dog (weight 10 kg). 
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Fig. 5. The effect of 1:2 mg atropine intravenously (at arrow) on the secretory 
responses of a denervated fundic pouch in a 25-5 kg dog to continuous stimulation 
with (a) gastrin (an amount equivalent to 10 g subcutaneously every 30 min), and 
(6) histamine (0-1 mg acid phosphate subcutaneously every 15 min). 
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In dogs provided with denervated fundic pouches the depression of a 
gastrin response by atropine usually amounted to almost complete sup- 
pression, whereas in the same animal a similar response to histamine was 
hardly affected (Fig. 5). 
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Fig. 6. Response of the human subject to a subcutaneous injection 
of gastrin equivalent to 200 g mucosa. 


Secretory responses of a human subject 


In eight experiments the preparation was injected into a normal human 
subject, and the gastric secretory responses determined by withdrawal of 
gastric juice at 15-min intervals, using intermittent manual suction; care 
was taken to prevent contamination by swallowed saliva. The amount 
injected was equivalent to 200 g of fresh mucosa and contained approxi- 
mately 0-1 mg total N; it was dissolved in approximately 1 ml. 0-9 % NaCl 
solution. The material used was derived from four different batches of 
gastrin. 

In four experiments the injection was subcutaneous, in two intra- 
muscular and in two intravenous. The experiments were performed at 
intervals of one week or more. The subject experienced no significant side 
or after effects, except in the case of the intravenous injections. The first 
of these was given rapidly, i.e. during 15-30 sec; this caused a definite 
but transient sinking feeling in the chest and abdomen, which passed off 
in less than 1 min. There was no change in heart rate or respiration, and 
no flushing or sensation of warmth. The second intravenous injection, 
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from another batch of material, was given on another occasion over a 
period of 5 min; the subject detected a very slight sensation similar to 
that just described. In the other experiments no effects whatever were 
noticed. The subcutaneous and intramuscular inj jections caused no more 
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Fig. 7. Response of the human subject to an intramuscular injection (at arrow) 
of gastrin equivalent to 200 g mucosa (same preparation as Fig. 6). 
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Fig. 8. Response of the human subject to a rapid intravenous injection (30 sec, at 
arrow) of gastrin equivalent to 200 g mucosa _ preparation as Figs. 6 and 7). 
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pain than a similar volume of saline solution, and there was no flushing 
at the site of subcutaneous injection. \ 

In all experiments a very considerable secretory response ensued. After 
subcutaneous and intramuscular injection secretion began within 15 min 
and reached a maximum in about 45-60 min (Figs. 6 and 7). After intra- 
venous injection (Figs. 8 and 10) the response began more promptly, 
the maximum was reached sooner (about 30 min), and the response came 
to an end more rapidly, i.e. after 14-2 hr. After subcutaneous or intra- 
muscular injection the maximal secretory rate attained was approximately 
7-5 m-equiv HCl (total) in 15 min; after intravenous injection it was 
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Fig. 9. Response of the human subject to a subcutaneous injection (at arrow) 
of 1 mg histamine acid phosphate. 


rather lower (4:5 and 6-7 m-equiv total HCl in 15 min). These responses 
may be compared with that given by the same subject to the subcutaneous 
injection of 1 mg histamine acid phosphate (Fig. 9); the maximal rate of 
HCl (total) output was 3-8 m-equiv in 15 min. 

In a number of samples which were titrated electrometrically to pH 3-5 
for determination of free acidity this was found to approximate closely 
at the peak of the response to the value obtained for total acidity. In 
several of the experiments the pepsin concentration in the samples of 
gastric juice was determined, and it was apparent that there was no 
significant stimulation of pepsin output; the concentration of pepsin in 
the samples fell to a low level as soon as secretion became established 
(Fig. 6). | 

The effect of atropine. In one sintmias an intramuscular injection of 
gastrin was preceded by an intramuscular injection of 1-2 mg atropine 
sulphate given 30min earlier. The response to gastrin was almost — 
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suppressed, compared with that given on another occasion to an intra- 
muscular injection of the same amount of material from the same batch 
of gastrin (Fig. 10). In this experiment the degree of atropinization 
achieved was apparently only mild, since the subject experienced no 
acceleration of heart rate and no change in vision although salivation was 
largely, though not completely, suppressed. It seems likely that had the 
atropine been given intravenously, an even greater degree of inhibition 


of the subsequent gastrin response might have been observed. 
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Fig. 10. Responses of the human subject to injections of gastrin (equivalent to 
200 g mucosa, at arrow) from the same preparation: (a) intramuscularly, (b) intra- 
venously (during 5 min), and (c) intramuscularly, 30 min after an intramuscular 


injection of 1-2 mg of atropine. 
Histamine content of the preparation 


The histamine-like activity present in the final product, as shown by 
tests on the guinea-pig ileum, was negligible; it amounted to about 


0-01 ug/ml. or less. This is attributable to 


| (1) the precipitation by salt saturation and washing in Stage I, which 
has been found to remove the bulk of the histamine present in the original 


crude aqueous extract; 
(2) the two precipitations with trichloroacetic acid in Stage I; and 


(3) the fact that the calcium phosphate column did not retain histamine; 
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when a solution containing 100 »g/ml. was passed through it the effluent 
and washings were found to contain all the histamine originally added. 

Nevertheless, in one preparation, 40 mg of histamine acid phosphate 
was added to the crude aqueous extract ; the final preparation, in an amount 
equivalent to 40 g mucosa, had no action on the blood-pressure of the 
anaesthetized cat (Fig. 11) but was fully active in stimulating secretion 
in a conscious dog. This observation also indicates that the action of the 
active principle on secretion was not due to the liberation of histamine 
after entry into the circulation. 


Fig. 11. Effect on the blood-pressure of an anaesthetized cat of (a) 0-5 yg histamine 
base, and (6) gastrin equivalent to 40 g mucosa. Time-marker, 10 sec. 


Distribution of activity 
Preparations made from the corpus region of the hog stomach were 
found to be inactive; but a small amount of gastrin was present in extracts 
of the cardiac region. Preparations made from hog duodenum were also 
inactive. No studies have been made on mucosa obtained from species 
other than the hog. 


General properties 


There is ample evidence both from the present work and from previous 
studies that gastrin is stable in acid solutions but little previous study 
has been made of its sensitivity to alkali. During the development of this 
method it was established that gastrin was unaffected by heating to 75° C 
for 30 min at pH 8-5, or by exposure to pH 10 at room temperature for 
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15 min. Uvnis (19430) has reported that gastrin is destroyed by boiling 
in N/10-NaOH for a short time. 

Gastrin activity was found to be dialysable through cellophane, although 
a considerable loss occurred, probably by adsorption on the walls of the 
sac. A similar observation was reported by Uvniis (1943a). The failure 
of Harper (1946) and Jorpes et al. (1952) to confirm it is perhaps due to 
adsorption of gastrin on denatured protein present in their preparations. 
The finding that gastrin is dialysable is in conformity with its ready 
absorption on subcutaneous injection. 

Some preliminary studies have been made of the behaviour of the final 
product of the method when subjected to paper electrophoresis, using an 
apparatus of the type described by Durrum (1951) and applying a solution 
equivalent to 1 kg mucosa as a streak on a wide paper (Whatman No. 31). 
Electrophoresis was carried out at room temperature during the night in 
phosphate and acetic acid buffers. At the end of a run, longitudinal strips 


were cut from the moist paper, and dried for staining with ninhydrin or — 


by the Cl-imino method (Rydon & Smith, 1952). The regions which stained 
by either method were then cut from the rest of the paper and eluted with 
saline for testing. It was found that the activity behaved as though it had 
an iso-electric point between pH 5 and 6; three or four other inactive 
substances were also present. 


DISCUSSION 


The method described in this paper provides a potent and highly purified 
preparation of a substance which is probably identifiable with the antral 
hormone; like the latter, it stimulates the secretion of gastric acid but not 
of pepsin. In the hog stomach it is largely confined to the pyloric region, 
although a small amount has been found in extracts of the cardiac region. 
This is the first confirmation of the observation originally made by Edkins 
_ (1905). No gastrin activity whatever could be detected in extracts made 
from hog duodenum by the method described. Komarov (1938), Uvnis 
(19456) and Harper (1946) reported that their methods would extract a 
small amount of gastrin-like activity from hog duodenal mucosa, but they 
did not study it further. | 

The preparation described is highly effective in stimulating secretion 
when injected subcutaneously, as well as intramuscularly or slowly intra- 
venously. It is much less effective when given as a single intravenous dose, 
particularly in dogs provided with denervated fundic pouches. In this 
respect gastrin resembles histamine; it is well known that the latter is 
almost without action on gastric secretion when given as a single intra- 
venous dose, although the same amount injected subcutaneously, intra- 
muscularly or slowly intravenously is highly effective. 
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No previous studies have been made of the action of gastrin in the 
human subject. Those reported here show that it stimulates the secretion 
of acid, but not of pepsin, on subcutaneous, intramuscular or intravenous 
injection. As in the dog, a single intravenous dose is much less effective 
than subcutaneous or intramuscular administration, and the — is 
strongly inhibited by atropine. 

The inhibitory effect of atropine on gastrin responses, both in conscious 
dogs and the human subject, may be considered to provide support for the 
view that concurrent cholinergic excitation is an important factor deter- 
mining the response of the oxyntic cell to gastrin. The observation of 
Komarov (19426) that the action of his gastrin preparation in anaes- 
thetized cats was unaffected by large doses of atropine may perhaps be 
attributed to a suppression by the anaesthetic of tonic vagal activity 
present in the conscious animal; but it is perhaps noteworthy that no 
confirmation of Komarov’s observation has been reported. 

It has seemed premature to undertake any biochemical studies on the 
composition of the Stage III product, since more than one substance is 
present; but the available information suggests that gastrin is a peptide 
having an iso-electric point in the region of pH 5-5. The preparation con- 
tains traces of pigment and three or four unidentified substances detected 
on paper electrophoresis. The Stage I material has slight secretin activity, 
but this is absent from the Stage III material. Some preparations have 
caused slight increase in tone of the denervated fundic pouch when in- 
jected as single large intravenous doses in the conscious dog and this 
is perhaps the basis of the transient ‘sinking’ feeling experienced by the 
human subject during rapid intravenous injection of the preparation. — 

The method described here is not difficult to operate, once some ex- 
perience of the various procedures has been acquired; it has been used 
routinely for several months for the processing of several kilograms of — 
antral mucosa weekly and has proved quite reliable. It is, however, 
unsuitable for use on a larger scale, such as would be required for intensive 
study of the chemical nature of gastrin, or extensive clinical use. Its merit 
lies in the. fact that it makes available a potent and purified preparation 
of gastrin which is suitable not only for physiological studies in conscious 
animals and humans, but also for further investigation of the biochemical 
properties of the substance, and it is to be hoped that the latter will before 
long enable a superior method of preparation to be devised. 


SUMMARY 


1, A new method is described for the preparation from hog antral 
mucosa of the hormone gastrin in a potent and highly purified state. 
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2. No gastrin could be extracted from hog duodenal mucosa by this 
’ method but extracts of hog cardiac mucosa contained a small amount. 

3. Gastrin was found to be dialysable through cellophane, and on paper 
electrophoresis behaved as though it had an iso-electric point at pH 5-6. 

4. The extract strongly stimulated the secretion of gastric acid, but 
not of pepsin, when injected subcutaneously, intramuscularly or intra- 
venously into conscious dogs and into one human subject. 

5. Atropine strongly inhibited the response to gastrin, both in conscious 
dogs and the human subject. 

6. The extract contained negligible amounts of histamine, was free 
from secretin and was without significant side effects when injected 
intravenously into the human subject in a dose equivalent to 200 g of 
mucosa. 7 | 

We wish to correct a misprint which occurred in the preliminary publication by Gregory & 
Tracy (1959a). In lines 24-25, ‘6-03 m-equiv/l. HCl’ should read ‘6-03 m-equiv HCl’. 
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There is evidence that in the rat the glomerular filtrate contains a small 
amount of plasma protein (Walker, Bott, Oliver & MacDowell, 1941), and 
that some of this protein is reabsorbed by the cells of the proximal 
convoluted tubules (see review by Rather, 1952). The observation by 
Dock (1942) and by Gilson (1949) that, when plasma proteins in the rat 
were labelled with the dye T-1824 (Evans Blue), a selective accumulation 
of dye occurred in the cells of the proximal convoluted tubules has led 
to a method which allows quantitative information about the rate of 
tubular reabsorption of protein to be obtained. Sellers, Griggs, Marmorston 
& Goodman (1954) have given a value for the total rate of reabsorption 
of protein; they suggest that some 90° of filtered protein is reabsorbed 
by the tubules, the rest appearing as a small but constant proteinuria. 
These results were confirmed by Mendel (1959) who also showed that, in 
the rat, both albumin and globulin are reabsorbed by the tubules. 

There is, however, a lack of quantitative data relating filtered protein 
to reabsorbed protein in the presence of increased protein loads. This is 
a matter of interest not merely in the normally functioning kidney but 
more particularly in nephrotic states. In the present work a nephrotic 
state was induced in rats, by injection of nephrotoxic serum (Heymann & 
Lund, 1948), the effect of which was to produce glomerular lesions without 
any demonstrable tubular defect. The animals thus treated manifested 
gross proteinuria and there was, as willbe shown, an increased glomerular 
filtration of protein. The object was to investigate the quantitative 


relationship between increased protein loads and the tubular — 
of protein. 


METHODS 


The method for determining the rates of albumin and globulin reabsorption is based on 
the observation of Rawson (1943) that T-1824 in low concentration attaches itself to plasma 
albumin, and then, as the concentration of the dye is increased, to plasma globulin. It has 
been shown (Mendel, 1959) that it is possible, by the use of three increasing doses of T-1824, 
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to obtain labelling of albumin alone, albumin plus « and £ globulin, and finally y globulin 
in addition. The rate of reabsorption of the three fractions can be calculated from the 
concentration of T-1824 attached to them and the T-1824 taken up by the kidneys. 

Nephrotoxic serum. An anti-rat kidney serum was produced after the method of Heymann 
& Lund (1948). Saline-perfused, whole-rat-kidney homogenate was given in 0-5 g doses 
intra-peritoneally to 2 kg rabbits twice weekly for 3 weeks. The course of injections was 
repeated three times with weekly intervals between them. The rabbits were exsanguinated 
6 days after the last injection and the serum was stored by deep freezing. 

Experimental proteinuria. Wistar strain male rats of average weight 200g (range 195- 
205 g) and fed on a diet containing 14 % protein (diet 41) were used. Experimental proteinuria 
was induced by the intravenous injection of 0-3 ml. of nephrotoxic serum through an 
indwelling polyethylene cannula in an external jugular vein. A marked increase in pro- 
teinuria usually occurred within 24 hr. In some animals a second intravenous injection — 
was required on the next day. Histological examination of the kidneys on the third day 
after the onset of proteinuria showed either normal histology or, at the most, some thickening 
of the basement membranes in the glomeruli. The cells of the proximal convoluted tubules 
appeared to be normal. , 

Operative procedure. The methods used in the present work have been described previously 
in detail (Mendel, 1959). All experiments were carried out on the third day after the onset 
of proteinuria. An injection of T-1824 was given intravenously, and after a 3 hr period, 
during which the animal was deprived of food and water, the carotid artery was cannulated 
under ether anaesthesia and blood collected into a dry centrifuge tube. The kidneys were 
washed free of blood by perfusion with 0-9% sodium chloride solution and removed for’ 
analysis. | 

Estimation of renal T'-1824, The perfused kidneys were decapsulated and the renal pelves 
cut away; they were then homogenized in 6 ml. distilled water in a standard ‘universal 
container’ which fitted a tissue homogenizer (M.S.E.). In most experiments (thirty) the 
supernatant above the settled homogenate was colourless, indicating adequate perfusion. 
In eight experiments there was T-1824 colouring of the supernatant because of ineffective 
perfusion; this was usually associated with heavy proteinuria and may have been due to 
difficulty in washing out dye-stained protein in the capsular space and tubules. These experi- 
ments were rejected. T-1824 was estimated in the way previously described (Mendel, 
1959). 

Estimation of serum T'-1824. The method used to determine the concentration of T-1824 
attached to individual serum proteins was also described in detail in the previous paper 
(Mendel, 1959). A concentration of anhydrous Na,SO, of 23-5 g/100 ml. was used to 
precipitate total globulin, and 17-75 g/100 ml. to precipitate y globulin. 0-2 ml. of serum 
was added to 3 ml. volumes of 0-9 % NaCl and of 23-5 and 17-75 % solutions of anhydrous | 
Na,SO, in centrifuge tubes. After mixing, 1-5 ml. of ether was added to the tubes containing 
Na,SO,; these were stoppered, mixed and centrifuged. The T-1824 content of the super- 
natants was determined after suitable dilution with distilled water. 

Serum proteins. Samples of sera from individual rats were fractionated with anhydrous 
Na,SO, as described above, and the protein content of the supernatant determined by the 
micro-Kjeldahl method. 

Urinary proteins. 24 hr volumes of urine, measured to within 0-1 ml., were obtained from 
rats in metabolism cages with free food and water. Total protein was determined by the 
biuret method of Kingsley (1939) on the protein precipitated with 10% trichloroacetic 
acid. The qualitative determination of urinary protein was made by paper electrophoresis 
after the method of Flynn & de Mayo (1951). Whatman No. 1 paper was used in 5 x 36 cm 
strips. A barbitone buffer of pH 8-6 and ionic strength 0-075 m with a constant current of 
‘1-0 mA per strip for 18 hr gave good separation. The strips were stained with Azocarmine B 
anc. evaluated by scanning and planimetry. 
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Inulin clearance. The method of Dicker (1949) was used to determine the inulin clearance. 
Inulin in blood and urine was measured by the method of Roe, Epstein & Goldstein (1949). 

Throughout this paper, mean values are given together with the standard error of the 
mean, 


RESULTS 


Serum albumin and proteinuria. The effect of proteinuria on the serum 
albumin was determined in ten rats with a wide range of experimental 
proteinuria. Table 1 shows the proteinuria before treatment with nephro- 
toxic serum, and the proteinuria and serum albumin on the third day after 
the onset of proteinuria following nephrotoxic serum. It can be seen that 
rats with proteinuria greater than 8 mg/hr had serum albumins below 
2 g/100 ml.; in ten normal rats the mean serum albumin was 3-1 + 0-06 g/ 
100 ml. | | 


TaBLe 1, The relationship of proteinuria to serum albumin in ten rats. The values after 
treatment were obtained on the third day after the onset of increased protein excretion 


Before After treatment 
treatment. 
Proteinuria Proteinuria Serum albumin 

(mg/hr) (mg/hr) (g/100 ml.) 

0-8 2-7 2-8 
0-4 3-0 
0-4 4-2 2-4 
0-2 5-7 2-7 
0-6 6:3 2-0 
0-3 6-6 2-6 
0°6 8-0 2-0 
0-5 11-0 1-5 
0-2 13-2 1-6 
0-7 17-0 1-0 


Dosage of T'-1824 and its attachment to serum proteins. In experiments 
with normal rats doses of T-1824 which proved suitable for the progressive 
labelling of serum proteins were 2 mg/100 g rat, to label albumin; 5 mg/ 
100 g rat, to label albumin plus « and £ globulin, and 10 mg/100 g rat, to 
label all the serum proteins (Mendel, 1959). Albumin binds the greatest 
proportion of the dye. In rats with experimental proteinuria it seemed 
likely that the lowering of serum albumin might cause such a reduction 
of T-1824 binding power that the dosage of T-1824 previously used might 
not be suitable; doses of 2 mg/100 g rat might cause a significant labelling 
of « and f globulin and 5 mg/100 g rat might similarly cause labelling of 
y globulin. Preliminary experiments were designed to investigate this 
possibility. 

Rats with proteinuria greater than 8 mg/hr usually had oedema and 
ascites, which made the measurement of T-1824 disappearance curves 
extremely difficult. Consequently, experiments to determine the most 
suitable doses of T-1824 were carried out on eight rats with a mean 
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proteinuria of 7-0+0-17 mg/hr. Doses of T-1824 suitable under these 
conditions were regarded as suitable in the presence of less-marked 
proteinuria. 

T-1824 in the dosage of 1 mg/100¢ rat, as compared with 2 mg/100 ¢ 
in normal rats, was the smallest dose of dye which allowed measurable 
amounts of T-1824 to be recovered from the kidneys. With this dose of 
dye over 90% of the total dye was attached to albumin in blood samples 
taken 5 min after injection. Doses of T-1824 of 5 mg/100 g rat were found 
to label y globulin, the total content of dye in the serum being greater 
than that in the supernatant after fractionation with 17-75% Na,SO,. 
Doses of T-1824 of 4mg/100g rat, however, did not cause significant 
labelling of y globulin in samples of blood taken 5 min after injection, and 
were therefore used to label albumin plus « and 8 globulin. The dose of 
dye used to label all the serum proteins was kept at 10 mg/100 g rat. 

Time concentration curves of T'-1824 in serum. The rate of disappearance 
from the serum of the T-1824 attached to individual protein fractions was 
estimated in twenty-five rats with each dose of T-1824 (Figs. 1 and 2). 
The values at each interval of time are the means of five individual 
results, obtained with rats chosen so that the average proteinuria at each 
time interval was between 3 and 5 mg/hr. There was a similar proteinuria 
in the group of rats in which the renal uptake of T-1824 was determined. 

Figure 14 shows the values obtained with doses of T-1824 of 1 mg/ 
100 g rat, and Fig. 1B the values with 4 mg/100 g rat. The concentration 
of T-1824 attached to « and f globulin with the dose of T-1824 of 1 mg/ 
100 g rat was less than 1 mg/100 ml. at any time interval and is not 
represented in the figure. Figure 2.4 shows the fall in concentration of 
T-1824 attached to albumin and « and § globulin with the dose of T-1824 
of 10mg/100¢ rat, and Fig.2B the fall of concentration of T-1824 
attached to y globulin. 


‘ Renal uptake of T'-1824 


The renal content of T-1824 was estimated in thirty rats, on the third 
day after the onset of increased proteinuria, and 3 hr after the intravenous 
injection of T-1824. Groups of ten rats were used with each dose of 
T-1824 and were chosen so that the mean proteinuria for each group was 
about 4 mg/hr. Table 2 shows the individual results for renal T-1824, the 
mean proteinuria and the mean serum albumin level in each group. 

The mean values of renal T-1824 shown in Table 2 were greater than 
those found in normal rats used as controls. Thus the mean value of renal 
T-1824 with doses of T-1824 of 1 mg/100 g rat was of the same order as 
the mean value of 30+ 2-4 yg T-1824 obtained in ten normal rats with 
- doses of T-1824 of 2 mg/100 g rat. The mean value with doses of T-1824 
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of 4mg/100g rat was significantly greater (P < 0-01) than the 88 + 
4-2 wg T-1824 obtained in ten normal rats with doses of T-1824 of 
5 mg/100 g rat, and the mean value with doses of T-1824 of 10 mg/100 g 
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Fig. 1. The rate of fall of concentration of serum T-1824 following intravenous — 
injection of T-1824 in rats with experimental proteinuria. Dose of T-1824 in A, 
1 mg/100 g rat; in B, 4mg/100g. The values at each interval of time are the 
means of experiments in five rats. Vertical lines show s.z. of means. @ T-1824 
attached to albumin; © T-1824 attached to « and 8 globulin. 


80 A 60 B 
0 1 2 3 0 1 2 3 
Time (hr) 


Fig. 2. The rate of fall of concentration of serum T-1824 in twenty-five rats following 
an intravenous injection of 10 mg T-1824/100 g rat. The values at each interval 
of time are the means of experiments in five rats: A, amount of T-1824 attached 


to albumin and « and § globulin; convention as in Fig. 1. B, T-1824 attached 
to y globulin. 


Tat was significantly (P < 0-01) than the 333+ 20 yg T-1824 
obtained in ten normal rats with similar doses of T-1824. 

It has been shown previously (Mendel, 1959) that, when doses of T-1824 
of 10 mg/100 g rat were given to normal rats, an amount of renal T-1824 
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could be recovered 2 min after injection which could not be explained on 
the basis of tubular reabsorption of protein, but appeared to be due to 
free T-1824 entering the cells of the proximal tubules as such. In six 
experiments on rats with experimental proteinuria, the kidneys were 
perfused within 2 min of giving an intravenous injection of T-1824 of 
10 mg/100 g rat. The renal T-1824 recovered was 116+6 ug, a value 
significantly greater (P < 0-01) than the 33+2 yg T-1824 recovered 
from six normal control rats. Similar experiments with doses of T-1824 
of 1 and 4 mg/100 g rat did not show any initial rapid uptake of dye by 
the kidneys. 


TaBLE 2. Renal content of T-1824 (ug) in individual rats 3 hr after the intravenous injection 
of the doses of T-1824 shown, and the mean proteinuria and the mean serum albumin levels 
for each group 


Dose of T-1824 1 mg/100 g rat 4mg/100 grat 10 mg/100 g rat 

23 211 730 

33 200 730 

28 182 475 

57 168 645 

19 160 484 

41 121 925 

33 150 606 

26 230 378 

46 149 960 

28 190 500 
Means +8.E. 33 + 3-6 176+10 643 + 61 
Mean proteinuria (mg/hr) 46+0°8 3°9+0°6 3°8+0°6 
Mean serum albumin (g/100 ml.) 25401 2540-1 


Calculation of tubular reabsorption of protein 
The rate of tubular reabsorption of protein has been calculated from 
the serum proteins, the renal T-1824 and the mean value for T-1824 
attached to individual serum proteins during the 3 hr period, which has 
been calculated from the area under the curves in Figs. 1 and 2. The mean 
serum protein values in the thirty rats in which the renal uptake of T-1824 
was determined were: albumin 2-5 + 0-08, « and f globulin 1-7 + 0-07 and 
y globulin 1-4 + 0-09 g/100 ml. The other data are shown in Table 3. 
Albumin. The mean value for renal T-1824 of 33 + 3-6 yg, obtained with 
the dose of T-1824 of 1 mg/100g rat, is considered for the purpose of 
calculation to represent only albumin reabsorption, the attachment of 
T-1824 to « and B globulin being very small. From Table 3 it can be shown 
that there was 1140-5 mg of T-1824 attached to 25+ 0-08 g of serum 
albumin. The amount of albumin attached to the 33+ 3-6 wg of T-1824 
recovered from the kidneys was therefore 7:5 + 0-8 mg; this is albumin 
reabsorbed in 3 hr, representing a rate of albumin reabsorption of 
2:5 + 0-3 mg/hr. 
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a and B globulin. The value for renal T-1824 of 176 + 10 ug represents 
albumin plus « and f globulin reabsorption (Table 3). Before the rate of 
a and f globulin reabsorption can be calculated it is necessary to calculate 
the renal T-1824 accounted for by albumin. The mean value for T-1824 
attached to 2-5 + 0-08 g of albumin under these conditions was 34 + 3-3 mg, 
so that 1 mg of albumin was attached to 13-6+1-3 wg of dye. Since the 
amount of albumin reabsorbed during the 3 hr period was 7:5 + 0-8 mg, 
the amount of T-1824 accounted for by albumin was 102 + 14 yg. The renal 
T-1824 accounted for by « and f globulin reabsorption was the remaining 
dye, ie. 744+17 pg, and as 9+ 0-9 mg of T-1824 was attached to 1-7 + 
0-07 g of « and § globulin, the protein represented by 74+17 ug of dye 
was 13-9 + 3-2 mg, giving a rate of « and £ globulin reabsorption of 4-6 + 
1-1 mg/hr. 

TABLE 3. Renal T-1824 3 hr after intravenous injection of T-1824, and the mean concentra- 


tion of T-1824 attached to serum protein fractions during the 3 hr after intravenous in- 


jection of T-1824 
Mean T-1824 attached to serum 1 proteins 


(mg/1 00 ml.) 
Dose of T-1824 a+B 
(mg/100 grat) Renal T-1824 (yg) Albumin globulin globulin 
3343-6 1140-5 — 
4 176+10 34+3°3 9+0-9 
10 643 + 61 §604+5°5 23 + 3-2 34+ 2-1 


y globulin. The value of 643 + 61 yg of renal T-1824 (Table 3) represents 
reabsorption of all the serum protein fractions. The amount of T-1824 
accounted for by albumin and « and f globulin reabsorption has been 


calculated as explained above, from the serum protein values, the mean | 


concentration of T-1824 attached to them, and the rate of reabsorption. 
Thus albumin accounted for 150+ 23 wg T-1824, and « and 8 globulin 
188+ 49 wg T-1824. In addition 116+6yg of renal T-1824 has been 
accounted for by free dye. The amount of T-1824 accounted for by y 
globulin was thus 189 + 82 ug, and as 34+ 2-1 mg of T-1824 was attached 
to 1:-4+0-09 g of y globulin, 189 + 82 ug of T-1824 was attached to 7-7 + 
3-4 mg of y globulin, representing a rate of y globulin ree of 
2-5+1-1 mg/hr. 


. Proteinuria and tubular reabsorption of protein 


Proteinuria. Electrophoresis of urinary protein was carried out on 
twenty individual urines obtained from rats in which renal T-1824 was 


subsequently measured. Urines were collected for a period of 24hr — 


immediately before giving the dye. Figure 3 shows the results of electro- 
phoresis of serum and urine obtained from a rat 3 days after the onset of 
increased proteinuria. It can be seen that albumin, and a, 6 and y 


4 
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globulin appeared in the urine. The mean rate of proteinuria in the twenty 
rats was 4:2 + 0-5 mg/hr. The mean rates of excretion of individual serum 
proteins were: albumin 1:8+ 0-2 mg/hr, « globulin 1-0+0-22 mg/hr, 
globulin 0-9 + 0-12 mg/hr and y globulin 0-5 + 0-07 mg/hr. 


Ay 


Fig. 3. Electrophoresis of serum and urine proteins of a rat with experi- 
mental proteinuria. A, serum; B, urine. Rate of proteinuria 4:2 mg/hr. 


Proteinuria and renal T'-1824. The relationship of the renal uptake of 
T-1824 to the rate of proteinuria in thirty rats is shown in Fig. 4. Figure 4A 


- shows the renal uptake of T-1824-labelled albumin and the rate of urinary 


albumin excretion, Fig. 4B the renal uptake of T-1824-labelled albumin 
and « and f globulin and the rate of excretion of these fractions in the 
urine, and Fig. 4C the renal uptake of T-1824 with all the serum proteins 
labelled and the total rate of protein excretion. It can be seen that there 
was no clear relationship between the reabsorption of labelled protein and 
its rate of excretion. The correlation coefficient for the data shown in 
Fig. 44 was 0-6, which is not significant at 5°% level for a sample of this 
size. 

Proteinuria and @.r.r. The relationship of proteinuria and glomerular 
filtration rate, determined by inulin clearance, was determined in ten rats 
3 days after the onset of increased proteinuria. The mean rate ofproteinuria 
in the group was 4-7+0-7 mg/hr and the mean inulin clearance 0:49 + 
0-02 ml./100 g rat/min, a value which did not differ significantly from the 
0-47 + 0-02 ml./100 g rat found in ten normal rats. Figure 5 shows pro- 
teinuria plotted against inulin clearance in the individual rats. It can be 
seen that these were not related. 
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Fig. 4. The relation of proteinuria to the renal uptake of T-1824-labelled proteins 
in thirty rats with experimental proteinuria. A, dose of T-1824, 1 mg/100 g rat; 
renal uptake of labelled albumin and urine albumin excretion. B, dose of T-1824, 
4mg/100 g rat; renal uptake of labelled albumin plus « and § globulin, and 
urinary albumin plus « and £ globulin excretion. C, dose of T-1824 10 mg/100 g rat; 
renal uptake of T-1824 with all serum protein labelled and total proteinuria. 
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Proteinuria (mg/hr) 
Fig. 5. The relation of proteinuria to inulin clearance in ten rats 
with experimental proteinuria. 3 
DISCUSSION 


In the- present work rats were used in which proteinuria had been 
induced by the use of a nephrotoxic serum. It is known that the primary 
_ lesion induced by such means is in the glomerulus (Ortega & Mellors, 1956) 
and that the kidneys may show minimal histological changes or severe 
degrees of glomerular and tubular damage. The more severely affected 
animals have oedema and ascites in varying degrees, and the syndrome 
has been likened to the equivalent pathological state in man (Heymann «& 
Lund, 1948). It was unfortunately not possible in the present work to 
use animals with gross oedema and ascites. Nevertheless, it is reasonable 
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to assume that the animals used were suffering from a pathological 
process, less advanced, but part of the same syndrome. 

The results indicate that there was an increased uptake of T-1824- 
labelled protein by the kidneys, the values for renal T-1824 being greater 
than those obtained in normal rats. An increase in the renal uptake of 
labelled protein has previously been observed by Sellers, Smith, Marmorston 
& Goodman (1952) using T-1824-labelled protein in rats with renin pro- 
teinuria, and by Spector (1954) using ™I-labelled protein in rats with an 
experimental glomerular lesion of the type produced in the present work. 
The calculated rate of tubular reabsorption of protein was 9-6 mg/hr, 
consisting of 2-5 mg/hr albumin, 4-6 mg/hr « and f globulin and 2-5 mg/hr 
y globulin. In the normal rat the rate of tubular reabsorption of protein 
has previously been reported to be of the order of 3-6 mg/hr and the rates 
of reabsorption of the individual serum proteins as albumin 1-1, « and B 
globulin 1-4 and y globulin 1-1 mg/hr (Mendel, 1959). It can be seen.that 
in the present experiments there was a more than twofold increase in. 
tubular reabsorption of protein, and that the increase was shown by 
each of the labelled serum protein fractions. 

The relationship of filtered protein to reabsorbed protein shows that 
with a G.F.R. of 0-49 ml./min/100 g rat, the total protein filtered for a 
200 g rat/hr in 59 ml. filtrate was 13-6 mg (tubular reabsorption 9-6 mg, 
proteinuria 4mg) and the concentration of protein in the glomerular 
filtrate thus about 23 mg/100 ml. Some 70% of the filtered protein was 
reabsorbed by the tubules. The percentage reabsorption of the individual 
serum protein fractions, calculated from the rate of reabsorption and the 
rate of urinary loss, was albumin 58%, « and f globulin 70% and y 
globulin 83%. 

In the nephrotic animals the uptake of labelled protein by the kidneys 
did not show any further increase with proteinuria increasing above about 
4mg/hr. It would seem therefore that under the conditions of these 
experiments tubular reabsorption of protein was maximal. It may well 
be that some undetected tubular damage was present and it is possible 
that a completely normal tubule is capable of greater reabsorption. 
Nevertheless, a rate of reabsorption of 9-6 mg/hr is important in the 
conservation of plasma protein. If the value of total serum T-1824 taken 
5min after intravenous injection is used for the calculation of plasma 
volume, values of 11-7, 12-5 and 11-8 ml. are obtained for the three doses 
of dye. With an average plasma volume of 12 ml. and a total serum protein 
value of 5-6 g/100 ml., the total circulating protein is of the order of 
670 mg. With a rate of tubular reabsorption of protein of 9-6 mg/hr it 
follows that about one third of the total circulating protein could be 
reabsorbed by the tubules daily. 
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SUMMARY 


1. Tubular reabsorption of protein has been measured, by use of the 
dye T-1824, in rats with experimental proteinuria produced by means of 
a nephrotoxic serum. 

2. Renal uptake of T-1824-labelled protein was measured in rats with 
rates of proteinuria of up to 8 mg/hr and found to be increased. 

3. The calculated rate of tubular reabsorption of protein in rats with 
proteinuria of about 4-0 mg/hr was 9-6 mg/hr. The rates of reabsorption 
of individual serum protein fractions were: albumin 2-5, « and f globulin 
4-6 and y globulin 2-5 mg/hr. | 

4. Tubular reabsorption of protein accounted for 70% of the total 
filtered load. The protein content of the glomerular filtrate was calculated 
to be about 23 mg/100 ml. | i | 

5. Renal uptake of T-1824 was not further increased with increased 
rates of proteinuria, suggesting that under the conditions of these experi- 
ments protein reabsorption was maximal. | 


I wish to thank Dr J. C. Edozien for his help with the electrophoresis, and Professor J. 
Grayson for his advice in the preparation of this paper. This work was aided by a grant 
from the West African Council for Medical Research. 


REFERENCES 
Dicker, 8. E. (1949). Effect of the protein content of the diet on the glomerular filtration 
rate of young and adult rats. J. Physiol. 108, 197-202. 
Dook, W. (1942). Proteinuria and the associated renal changes. New Engl. J. Med. 227, 
633-636. 


Fiynn, F. V. & pr Mayo, P. (1951). Micro-electrophoresis of protein on filter paper. Lancet, 
261, 235-239. 


a S. B. (1949). Studies on proteinuria in the rat. Proc. Soc. exp. Biol., N.Y., 72, 
13. 


Heymann, W. & Lunn, H. Z. (1948). Lipemic nephrosis in rats. Science, 108, 448-449. 

Kinestey, G. R. (1939). The determination of serum total protein, albumin and globulin 
by the biuret reaction. J. biol. Chem. 131, 197-200. 

MENDEL, D. (1959). Tubular reabsorption of protein in the rat. J. Physiol. 148, 1-13. 


Ortrea, L. G. & Metzors, R. C. (1956). The role of localised antibodies in the pathogenesis 
of nephrotoxic nephritis in the rat. J. exp. Med. 104, 151-169. 


Ratuer, L. J. (1952). Filtration, resorption and excretion of protein by the kidney. | 


_ Medicine, Baltimore, 31, 357-380. - 
proteins. Amer. J. Physiol. 138, 708-717. 
Rog, J. H., EPSTEIN, J : H. & GotpstTetn, N. P. (1949). A photometric method for the 
determination of inulin in plasma and urine. J. biol. Chem. 178, 839--845. 
SELLERS, A. L., Griaas, N., Marmorston, J. & Goopman, H. C. (1954). Filtration and 
reabsorption of protein by the kidney. J. exp. Med. 100, 1-9. 
SELLERS, A. L., Surrn, 8., Marmorston, J. & Goopman, H. C. (1952). Studies on the 
mechanism of experimental proteinuria. J. exp. Med. 96, 643-652. : 
Spector, W. G. (1954). The reabsorption of labelled proteins by t hroti 
rat kidney. J. Path. Bact. 68, 187-196. 
Watxker, A. M., Bort, P. A., Ottver, J. & MacDoweE tt, M. C. (1941). The collection and 


rey of fluid from single nephrons of the mammalian kidney. Amer. J. Physiol, 134, 


‘Rawsoy, R. A. (1943). The binding of T-1824 and structurally related diazo dyes by plasma _ 


ead 
W 
P 


J. Physiol. (1961), 156, pp. 555-577 555 
With 2 text-figures 
Printed in Great Britain 


THE ACCURACY OF DIRECTING THE EYES 
AND THE HAND IN THE DARK 


By P. A. MERTON 
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_ (Received 5 December 1960) 


Eye movements are probably the most precise muscular movements 
we make, and no one doubts that the exceptionally large number of sense 
organs in the eye muscles are somehow involved in making them precise. 
One simple way in which sense organs might be used would be to supply 
information about the position of the eyeballs which could be used con- 
sciously to correct voluntary efforts to move the eyes, in the same way 
that we use position sense in the limbs to direct their movements when 
we are not looking at them. When Sherrington (1897, 1898) discovered 
sensory receptors in the eye muscles he seems to have taken it for granted 
that this was how they were used, and he later claimed to have done 
experiments that showed such a refined appreciation of the posture of 
the eyeball in the dark as ‘must be attributed to muscular sense’ (Sherring- 


ton, 1918). If the eyes can be positioned very accurately in the dark 


there would be a strong presumption that accurate positional information 
was available, for without sense organs to monitor their performance it is 
not likely that the muscles could be made to give accurately reproducible 
contractions. It might be as well to mention, however, that if positional 
information is used it does not follow it is used at a conscious level, as 
Sherrington apparently thought; Brindley & Merton (1960) have recently 
given evidence to support Helmholtz’s view that the human eyes are with- 
out conscious position sense and that, in the absence of visual clues, we 
only know how far we have moved our eyes by judging the effort of will 
put into moving them (Helmholtz, 1867, 1925, section 29). On this theory 


- positional information would be used in a lower level automatic nervous 


mechanism to ensure that the muscles accurately obeyed the effort the 
subject was making, i.e. in a positional servo. The over-all accuracy 
attainable with this mechanism ought to be as good as with Sherrington’s, 
for there is no reason why we should not be able to judge the size of motor 
volleys leaving the brain as accurately as we can judge the size of sensory 
volleys arriving. Thus measurements of the accuracy of positioning the 
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eyes in the dark, while they might raise a presumption that crepaiim 
information is used, could not indicate where. 

The present experiments were undertaken from the conviction that 
the sense organs in muscle are not, in fact, designed to give accurate 
positional information. Ordinary skeletal muscle contains Golgi tendon 
organs, signalling muscle tension, and muscle spindles, responding to 
change of length, but seemingly unsuitable for measuring the absolute 
length because of their contractile poles. No doubt the absolute length of 
a muscle could be worked out indirectly, if the rate of discharge of the 


y efferents to the muscle spindles were taken into account too, but this is — 


a long way round and not likely to give a very good answer. Eye muscles 
- have a highly specialized structure, but the sense organs they contain 
appear to fall into the same two categories. Therefore one would not 
expect that the power of directing the eyes in the dark would be very 
precise. The experiments of Fick (1905), Sandstrém (1951) and those 
cited by Rivers (1900) support this view. Sherrington, however, in the 
1918 paper quoted above, claims to have shown the opposite; he gives no 
reference to the place of publication of his experiments but they are 
presumably those briefly described in 1898. A. full account was then 
promised but apparently never published. The account of 1898 reads: 

‘A contribution towards the physiological inquiry into the matter has 
been made as follows, and has given a clear reply. The conjunctivae, both 
palpebral and ocular, and the corneae of both eyes have been rendered 
deeply anaesthetic to cold, warmth, touch, and pain by liberal applications 
of cocaine. Then in a completely dark room the power to direct the gaze 
with accuracy in any required direction has been tested. The person under 
examination is seated, with the head securely fixed, in front of a screen. 
One of his hands carries a marker. The hand is moved by an assistant, and 
is made to mark the screen at some one point; it is then passively replaced. 
The person under observation during this time keeps the eyes open in the 
primary position or sits with them closed. He is then required to direct 
his gaze to the spot marked on the screen. The light is then switched on, 
and the point to which the gaze is turned is noted. The power to direct 
_ the gaze under these circumstances has been found to remain good.’ 

The difficulty in these experiments must have been to note the point to 
which the gaze was turned when the light came on, and we are not told 
how this was done. In view of this uncertainty it was decided to re- 
Investigate the question. 

In Sherrington’s experiment the position of the mark on the screen is 
known to the subject only through position sense in his arm. What is 


tested, therefore, involves his knowledge both of his eye position and of 


his arm position. In the present experiments these two factors have also 
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been investigated separately, both because it is important to know to 
what extent the errors in the Sherrington type of experiment are due to 
the arm, and because it is of general interest to compare the performances 
of the arm and the eye. 

In order to determine the direction of the eyes in darkness recourse 
was had to after-images. A small circular aperture was illuminated by 
a brief powerful flash from an electronic flash tube. If the subject was 
fixating the aperture he obtained an after-image of the aperture at the 
fixation point; similarly if the fixation point was, say, 2° to the right of 
the aperture the after-image lay 2° to the left. Since after-images behave 
as if they are fixed in position on the retina, keeping the same position 
relative to the fixation point independently of eye movements, the 
position of the fixation point relative to the aperture at the time of the 
flash could be determined subsequently by fixating the zero of a scale 
subtending degrees at the subject’s eye and observing the apparent position 
of the after-image on the scale. If, as in the above example, the after- 
image were found to lie 2° to the left of the fixation point when looking 
at the scale, the subject must have been gazing 2° to the right of the 
aperture when the flash went off. 


RESULTS 
The ability to fixate points previously located by touch 
The first experiment was designed to reproduce the conditions of 
Sherrington’s experiment as closely as could conveniently be managed. 
The subject bit a dental grip to steady his head. The flash aperture was 
approximately 57 cm from his eyes (1 cm subtends 1° at this distance) 
and a little below eye level. The flash gun was mounted on a carriage and 
could move horizontally along the arc of a circle whose centre lay between 


_the subject’s eyes. Nine positions of the carriage were used, numbered 


1 to 9. In position 1 the aperture was 20° to the left of the primary 
(straight-ahead) position of the eyes, in position 2 it was 15° to the left 
and so on by steps of 5° to position 9 which was 20° to the right. The 
successive positions of the carriage during the run were taken from a table 
of random numbers, omitting zeros and selecting runs which had roughly 
equal numbers of high and low integers. Each observation began with 
the carriage in the centre (position 5) and the room lights on. The subject 
shut his eyes and the experimenter then moved the carriage to its next 
position. The experimenter picked up the subject’s right arm from the 
table, firmly pressed the tip of the index finger into the flash aperture, 
and replaced the arm. The lights being now put out the subject opened 
his eyes and attempted to fixate the aperture; when he was ready (5-10 sec 
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after his finger had left the aperture) he pressed a button to fire the flash. 
With the lights on he noted the apparent position of the after-image 
relative to the fixation point and gave both its horizontal (x) and vertical 
(y) co-ordinates. When, as frequently happened, the after-images from 
the two eyes were not in the same position, owing to errors of convergence, 
the mid point between them was taken. In giving results the apparent 
positions reported by the subject are always converted to true positions 
of the fixation point relative to the aperture at the time of the flash. 


G.S.B. 1 Feb. miss S.A. 3 Feb. 
e 
e 8 
 P.A.M. 2 Feb. 4 Feb. 
re 
« 5° 
‘ 
—10° ~§9 + 5° 5° + 5° 


Fig. 1. The scatter of fixation points when attempts were made, in the dark, to 
fixate a point previously located by touching it with the near The point 
touched is the origin. 


Horizontal errors to the right are given as + and to the left as —, vertical 
errors above as + and below as —. Each subject was allowed two or 
three attempts to get used to the task. After that all results were written 
down and are reported here. It is a general rule throughout the paper 
that except for two or three trials all the results obtained with each 
experimental arrangement are given without selection, unless the contrary 
is specifically mentioned. 

In Fig. 1 are plotted the performances of four subjects, all young male 
research workers accustomed to psychophysical experiments. The errors 
made are of the order of 5° with individual attempts up to 15° from the 
_ target. Each diagram gives without distinction the individual points from 
two series of ten observations made by the subject at a single session. The 
means for the two series separately and the standard deviations of single 
observations about the means appear in Table 1, in the two columns 
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headed finger-eye 1 and finger-eye 2. For present purposes the scatter 
of the points, of which the standard deviations are a measure, is of greater 
significance than any bias they may show, as revealed in the means. If, 
for example, all the points were closely bunched but at some distance 
from the target, we should nevertheless have to conclude that some form 
of accurate positional information was available in order for the subject 
accurately to produce the same error at each trial. Conversely, zero bias 
implies nothing as to accuracy; what matters is whether the points are 
widely scattered. | | 


Bat 


40 


—4° +4° +2° 


Fig. 2. The mean fixation points for all the finger-eye experiments in Table 1. The 
error bars show the standard errors of the means. They also indicate the relative 
standard deviations of individual observations; for n = 10 for all points except 
that for P.A.M. 16 February where n = 18. The point touched is the origin. 


Bias of course would be a trivial matter could it be accounted for as an expression of the 
standard error of the mean, but a glance at Table 1 shows that it cannot; for the mean is 
frequently as much as three standard errors from the axes of co-ordinates. Similar large 
biases have been found in every type of experiment reported in this paper. No attempt has 
been made to find out what factors influence bias, but some interesting points came to light 
from an examination of the twelve finger-eye experiments in Table 1. The mean fixation 
positions with their x and y standard-error bars are plotted in Fig. 2. The most obvious thing 
is that x and y bias are inversely related; this is true both for the results as a whole and, 
more strikingly, for the individual subjects (excepting G.S.B., both of whose points, how- 
ever, are of large x and small y bias). Except for H. B. B., the points for all subjects fall near 
a single line; for H: B. B. the line has the same slope but lies nearer the target. The direction 


of these lines is roughly at right angles to the direction in which the subject’s right index 
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finger is carried to the target in the initial sensing. Thus a possible explanation is that the 
mean error in judging arm position is rather constant from experiment to experiment and 
from subject to subject in the direction of arm movement, but is much less constant at right 
angles. The freedom of movement of the index finger is certainly largest in this latter 
direction; for example, in rubbing out writing on a blackboard with the right index finger 
the strokes are made in the same direction as the lines on which the points lie in Fig. 2. 
Whether or not an explanation of this type would stand up to further investigation, it is 
clear that large x or large y biases are not of themselves to be taken as implying inferior 
performance, for the distance of the mean positions from the target is much the same for 
all experiments (less for H. B. B.). This fits in with the fact that a large x or y bias is not 
associated with a particularly large scatter of observations in that direction (indicated by the 
standard error bars in Fig. 2) as it is in many systems where bias is one result of poor error 
correction. Indeed, the only apparent trend is for x scatter to increase not with % but with 7. 
This is most conspicuous with subject P. A.M. and in him (at least) is because large positive 
or negative errors in x tend to be associated with large positive errors in y, as can be seen 
in Fig. 1. Both types of error are due to a tendency to overshoot; overshoot upwards 
increases the mean value of y but horizontal overshoot to left and right contributes to the 
standard deviation of # rather than to the mean, as further discussed on p. 566. 


Results for the eye and the hand separately 


_ At the same sessions the subjects did two other experiments designed to 
test the eyes and finger separately. In the first of these experiments 
instead of the subject’s finger being placed on the flash aperture he looked 
at the aperture with the room lights on. He then lowered and shut his 
eyes, the-room lights were put out, and he then, as before, opened his eyes 
and attempted to look at the aperture in darkness. This experiment tests © 
only the subject’s knowledge of the direction of his eyes. The results are 
given in Table 1 in the column headed eye-eye. In the second of these 
experiments his finger tip was, as before, passively placed on the flash 
aperture and then put down again on the table, but his task was to 
replace his index finger on the flash aperture. The flash aperture was a 
hole in a board covered in graph paper, so that the co-ordinates relative 
to the aperture of the estimated centre of the tip of the index finger on 
the board could be read off at each attempt. This experiment tests only 
the subject’s knowledge of the position of his finger. The results appear 
in the column headed finger-finger. | 

The session began with a series of ten finger-eye observations; then 
followed ten eye-eye and ten finger-finger observations and finally another 
ten finger-eye. (In H.B.B., 4 February, finger-finger preceded eye-eye.) 
The results of two incomplete sessions for P.A.M., 30 January, and — 
H.B.B., 30 January, are also given. The session P.A.M. 16 February used 
a different procedure designed to eliminate possible effects of progressive 
changes in performance during the session. Each series, finger-eye, etc., 
used 18 positions of the carriage given by two random sequences of 


the integers 1-9. Thus each position was assumed twice and twice only 
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in each series. Observations were made in threes, a finger-eye, an eye-eye 
and a finger-finger, and then a finger-eye again and so on. With this 
stricter technique, however, the results were not obviously different. 
Table 1 shows that the errors for the eye and finger separately are both 


substantially less than for the finger-eye series. It is of interest that the 


performances of the eye and the finger are roughly similar, an unforeseen 
finding which, however, all subsequent work has only confirmed. In so 
far as we are concerned with the question of the accuracy of eye move- 
ments, the eye-eye results are obviously of more significance than those 
of the original Sherringtonian finger-eye type of experiment, and in what 
follows interest is mainly centred on eye-eye experiments. 


TABLE 2. The variance of finger-eye experiments in Table 1, compared with the sum of 
the variances of the corresponding eye-eye and finger-finger series. The figures given are 
the total variances for single observations, i.e. the sum of the squares of the standard 
deviations of x and y in Table 1. The finger-eye values are the mean of the variances of 
the finger-eye (1) and finger-eye (2) series, except for P. A.M. (16 February) where there is 
only one series 


| Sum of 

Subject and date Eye-eye Finger-finger finger-finger Finger-eye 
P.A.M. 2 Feb. 5-2 24-9 44-2 

16 Feb. 11:3 9-1 20-4 87-2 
H.B.B. 4 Feb. 83 4-9 13-2 13-7 
G.S8.B. 1 Feb. 11-3 6-4 17:7 29-5 
8.A. 3 Feb. - 173 14-6 32-0 21-7 
Mean vales 7 10°7 11-0 


21-6 


If the errors in the original finger-eye series were due to a combination 
of the errors in judging the position of the finger and the errors in judging 
the position of the eyes, the variance in the finger-eye series ought to be 
the sum, or on another view, half the sum, of the variances of the eye-eye 
and finger-finger series. Table 2 shows that the finger-eye variance is 


never less than two thirds (8S. A.) of this sum and may be almost double | 
(P.A.M.). The figures are too variable to draw firm conclusions but it — 


seems probable that the finger-eye errors are greater than would be 
expected if they were a simple combination of eye and finger errors. 
Variance and standard deviation are only a fair measure of accuracy of 
performance if the errors are normally distributed. When the x and 
co-ordinates of the individual observations were plotted against the serial 
number of the observation no obvious regularities such as trends up or 
down, convergence to the true or some other value, or oscillation, could 
_be discerned. In addition, as a test for serial correlation, the variance of 
readings about their mean was compared with the mean square of the 
difference between successive readings. If the errors are not serially 


correlated the ratio of these two statistics should be 1:2. The x and y 
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co-ordinates for each experiment in Table 2 were treated separately, giving 


38 values of the ratio. The mean was 2-10, which is not significantly 
different from 2-00. Furthermore, the distribution of individual values 
around 2-00 was examined and found to be consistent with the hypothesis 
of no serial correlation [the largest ratio was 3-29 (P > 0-06), and the 
smallest 1:03 (P > 0-2)]. 
The same test for serial correlation has been applied to all the other 
experiments reported in this paper, with similarly negative results. The 
_— are only given, however, for the experiments of Table 6. 


Possible reasons for the large errors found 


The scatter shown even in the eye-eye experiments was unexpectedly 
large and most of the subjects were surprised at their own inaccuracy. It is 
difficult to believe that if Sherrington had obtained similar results he would 
have called them ‘good’ or felt that they proved that the eyes possessed 
accurate position sense. Several possible sources of error in the present 
experiments that might account for this apparent discrepancy were con- 
sidered and eventually rejected. In Sherrirgton’s experiments the fixation 
mark was free to move vertically as well as horizontally, but it is extremely 
difficult to see why restricting the degrees of freedom to one in the present 
experiments could make the performance worse—it ought to make it 


_ better; indeed, as will be seen shortly, when the aperture did not move at 
_ all the errors were much diminished in the horizontal direction. Sherrington 


anaesthetized the front of the eyeballs with cocaine, but this again would 
be expected, if anything, to make matters worse rather than better. To 
make sure, both eyes were thoroughly anaesthetized by dropping 4% 
cocaine into the conjunctival sacs and repeating this three times at intervals , 
of about 3 min; a series of 10 eye-eye observations was then made in the 
usual way. The mean errors and the standard deviations of single observa- 
tions were %, —1-4°+2-6°; 7, +0-5°+0-9°. Total variance 7:5. These 
values are quite unexceptional, as may be seen from Tables 1 and 2. 
Another possibility is that persisting after-images cause the subject 
unwittingly to deviate his gaze. In finger-eye and eye-eye experiments 
each observation takes about 1 min to make. If the subject does not pause 
between observations, positive after-images from previous attempts are 
feebly visible in the dark and might influence him. There are also faint 
after-images of objects in the room. Experiments were therefore done 


in which the subject sat in darkness before making an observation, to 


allow after-images to fade away. These observations were made alternately 


- with observations at the usual interval in order to obtain a strict com- 


parison. Preliminary trials showed that the after-image of a flash did 
not remain visible in darkness for longer than about a minute, but, to 
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allow a margin, a period of 2 min was adopted. To avoid fresh after-images 
of the room and equipment the flash aperture was not illuminated by 
turning on the room lights, but a small faint fixation light was. provided 
just above the aperture. At the end of 2 min in the dark the subject bit 
the dental grip and gazed at the fixation light; this was then put out and 
the ordinary procedure for an eye-eye observation followed. Immediately 
the results of this observation had been written down another was made, 
with an after-image of the flash visible; then followed another 2 min in 
darkness, and so on. Two series each of nine pairs of observations were 
made. In the first (series A) the dim fixation light without room lighting 
was used throughout; in this series after-images of objects in the room 
were faint or absent, as they faded more quickly than the flash after- 
image. In series B bright room lighting was used to illuminate the aperture 


TaBLE 3. The errors made in eye-eye observations after 2 min in darkness compared with 


observations (made alternately) directly after putting out the room lights. Each mean is 
from nine observations in which the carriage assumed each of the nine possible positions 
in random order. Subject P.A,M. Means and standard deviations of single observations, in 
degrees 


Series A Series B 
min in min in dark Tmmediate 
z ~0-6+1:8 ~0-141-9 0-0 +18 * 
41-9406 +1-740-8 ~0-2+0-8 


in those observations which did not follow a period in darkness; in these 
observations after-images both of room objects and of the previous flash 
could be seen ; they were thug strictly comparable with the previous eye-eye 
experiments. The results are given in Table 3; they show that the presence 
of after-images does not make the subject less accurate. When using the 
fixation light for both observations of a pair there is no perceptible 
difference in performance (Series A). When the room lights were used for 
the second of the pair (Series B) the errors were, if anything, diminished. 

A final possibility is that Sherrington’s subjects were better trained. 
No experiments specifically to investigate training have been done, but 
the results shown in Table 1 lend no support to the idea that training 
would have a very large effect. Subjects H.B.B., S.A. and G.S.B. had 
no previous experience of this type of experiment ‘aad before starting on 
the series shown in Table 1 they only had two or three practice trials. 
The author, P.A.M., however, had been doing very similar experiments 
for several days before the Table 1 results were obtained. Nevertheless 
he was, by and large, worse than the others. Only P.A.M. and H.B.B. 
did experiments on more than one day. P.A.M. was, if anything, rather 
worse on 2 and 16 February than he had been on 30 January, but H.B.B. 
improved at his second session. As regards improvement with practice 
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during a single session, there were five occasions on which finger-eye runs 
were repeated at the end of a session. Three of these showed greater in- 
accuracy than in the first run; two showed less. Only H. B. B. did two such 
sessions; he deteriorated during the first and improved during the second. 
Table 1 therefore reveals no clear tendency to improve with training, 
either over several days or during a single session. Some other experiments, 
described below (Table 6), did show a possible training effect, but it was 
not large, amounting to a reduction in standard deviation of about 50%. 

There seems no reason, therefore, to doubt that the power of directing 
the eyes in darkness in randomly selected directions is as poor as the 
results in Table 1 suggest. Sherrington’s type of experiment, which tests — 
the power to look towards a point previously located by the hand, gives 
results considerably worse than that in which the point has first been 
located by looking at it. It will now be shown that even an eye-eye 
experiment somewhat exaggerates the inaccuracy of the eye if the results 
are presented as they are in Table 1. 


Results for different positions of the object considered separately 

It was early noticed that the errors tended to be larger when the carriage 
was deviated widely from the centre position and that the usual error at 
these times was an overshoot, the eye deviating too far. An eye-eye 
experiment was therefore carried out in which a sufficiently large number | 
of observations was made for the results at different carriage positions 
to be treated separately. Only five positions were used (instead of the 
usual nine), 20° L, 10° L, centre, 10°R and 20° R. Observations were 
made in sets of these five positions taken in random order, each set having 


Tasre 4. The errors made in eye-eye observations at five different positions of the flash 
aperture relative to the subject (P.A.M.). Twenty observations at each position, Errors 
to the left —, to the right +. Mean errors and standard deviations of single observations 
in degrees 


20° to the left 10° tothe left Straight ahead 10° to the right 20° to the right 


—16+2-0 —2-84+1:3 —1-0+1-0 1-2 +0-941-4 


y +0-3+0-9 +0:6+0-8 +0:7+0-9 +10+09 41-241-2 


a differeat random order, until twenty sets had been done. The results 


are given in Table 4. The values for % show the expected overshoot. The 
horizontal scatter is least in the centre (s.D.+1-0) and increases with 
deviation (s.p. up to +2-0 and +1-4). In the vertical direction the bias 
changes slightly (the subject tends to look higher as he looks less to the 
left, or more to the right) but the scatter shows little change. When the 
observations at the different positions were pooled and the grand means — 
and staydard deviations taken in exactly the same way as in Table 1, 
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the results obtained were Z%, —0-8° + 2-0°; 7, +0-8°+1-0°, values similar 
to those in the eye-eye cclumn of Table 1. The horizontal standard 
deviation obtained in this way is larger than all except one of the separate 
standard deviations in Table 4, because the variable z overshoots in Table 
4 contribute to the pooled standard deviation but not, of course, to the 
separate ones. As we are interested chiefly in scatter and not in bias it 
is clear that the values for standard deviation given in Table 4 are more 
relevant than the larger ones obtained on the pooled readings or in 
Table 1. Table 4 shows that when the eyes are looking straight ahead, or 
are deviated up to some 10°, the scatter in both horizontal and vertical 
directions reduces to a standard deviation of roughly + 1°. This is probably 
a good estimate of the true accuracy of directing the eyes in the dark. In 
various other situations about to be described, which were tried in case 
they revealed a greater accuracy, nothing substantially better was 
achieved. 


The ability to fixate an object held in the fingers 

In the finger-eye experiments already described there is a delay of 
several seconds between locating the object by touch and directing the 
eyes to it, which is obviously prejudicial to accuracy. In an experiment 
which avoided this delay the flash aperture was not a hole in a board, as 
previously, but a window at the end of a metal tube 1 cm in diameter 
pointing at the subject’s face. The subject grasped the end of the tube 
between thumb and forefinger and himself swung the carriage to left or 
right with this hand. With the carriage in the starting position the subject 
fixated the window with the room lights on. They were then extinguished ; 
the subject moved the carriage through some angle of roughly 10—20°, 
meanwhile attempting to maintain fixation, and, with the carriage again 
stationary, pressed the button to fire the flash with his other hand. (The 
exact angle through which the carriage moved was not recorded.) The 
subject first made ten observations with the carriage initially straight ahead 
and then swung to the left; then ten after swinging to the right. Next, 
the observations were made with the initial position approximately 15° 
to the left and the carriage swung towards the centre, and this was 
repeated with the initial position 15° to the right. This experiment tests 
a type of finger-eye co-ordination that is likely to be biologically more 
useful and is also more familiar to subjects than the somewhat artificial 
task in Sherrington’s original procedure; but it is not much better per- 
formed, as the results, given in Table 5, show. Most of the results show a 
mean overshoot which, while it is larger when the demanded eye movement 
is away from the centre, is clearly not just a characteristic of movements 
away from the primary position (a similar overshoot will be found in the 
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experiments of Table 11). The standard deviations do not vary greatly 


around an average value of +1-5°. Both subjects were left-handed and 


the scatter is somewhat smaller when the left hand was used. 

The experiments which start with the carriage in the centre are roughly 
comparable with the finger-eye experiments of Table 1, if the ten observa- 
tions with movement to the left are pooled with those to the right. The 
means and standard deviations of the pooled series are also given in Table 5. 


Tass 5. The errors made in attempting to look at the flash aperture held between thumb 
and forefinger. For each series of ten observations is given the mean horizontal error, 
— to the left, + to the right, and the standard deviation of single observations about this 
mean. Figures are also given for the first two series of each session pooled and considered 
as a single experiment. All values in degrees 


Aperture initially central Aperture swung towards centre 


hand used Swung left Swung right From the left From the right 
T.D. 31 Dec. —3-0+1-1 +2-74+1°5 —1-64+1+5 
—0-1+3-2 
T.D. 2Jan. —1:4+1°8 —0-44+1+5 +0-44 2-0 +1:84+1-3 
—0-941-7 
P.A.M. 1 Jan. —3-4+1-6 —2-74+19 —0:3+1-3 
—0-4+ 3-4 
P.A.M. 2 Jan. — 2-6+1-2 +3-0+1-9 —154+1:3 +2:44+2-2 
+0:24+3-3 


_ As in the previous experiment, and for the same reason, the resultant 


standard deviation is larger than the separate values. The pooled standard 


- deviations are still, however, rather less than those for finger-eye runs in 


Table 1, possibly, as suggested, because there is no delay here between 
touching the aperture and attempting to look at it. It should also be 
mentioned that in the present experiment the finger and thumb holding 
the metal tube rubbed it with a pin-rolling motion. This was because 
Helmholtz (1867, p. 613; 1925, p. 260) states that when he attempted to look 
at his index finger with his eyes closed he found that, on opening them, 
convergence was more accurate if he rubbed the tip of his index finger with 
his thumb. A similar movement was made here in case it improved accuracy 
in this type of task too, but no controls were done to see whether it did. 


Eye and finger observations with the object straight ahead 


Both the last experiments suggest that when. overshoot is discounted 
the true scatter of eye positions is about +1°. It was of interest to see 
how much this figure could be improved on when the task was simplified by 
keeping the target stationary in the central position. Series of finger-finger 
observations were run for comparison. In addition, combined eye-eye 
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and finger-finger experiments, in which the subject attempted simul- 
taneously to touch and look at the target, were made to see how the hand 
and eye interacted. The procedure and equipment were the same as for 
the experiments of Table 1 with minor changes. The subject was the 
author; only the left (dominant) eye was used, the other being covered 
with a shade; the left arm was used instead of the right (he is left-handed) 
and was moved actively not passively; the subject did not point with his 
index finger but held a mapping pin between index finger and thumb, 
and stuck it into the board. In a combined observation the subject put 
the pin through the centre of the flash aperture (diameter 3mm) and, 
while holding it, looked at the head of the pin. He then shut his eyes and 
looked down, removed the pin, rested his arm on the table and put the 
light out. He now opened his eyes and attempted to replace the pin in 
the aperture (but almost invariably stuck it into the board). At the same 
time he attempted to look at the aperture too, and, immediately the pin 
was firmly in, he moved his hand to the left and pressed the flash button. 
(Ideally the flash should have been fired at the same moment that the 
pin made contact, but this was unsatisfactory as the hand was often in 
front of the aperture.) In an eye-eye observation he looked at the aperture, 
shut his eyes and looked down, put out the light, attempted to look at 
the aperture and pressed the button. In a finger-finger observation he 
put the pin in the aperture, shut his eyes, lowered his arm to the table 
again, put out the light, opened his eyes and tried to put the pin back. 
The results are given in Table 6, which shows the means and standard 
deviations for x and y separately, and in Table 7 where the sum of the 
a and y variances appears. The figures at the right-hand end of both tables | 
show that in separate eye-eye and finger-finger experiments the eye and 
the hand are very similar in performance. The errors in the eye-eye 
series are, at- best, slightly less than those for central carriage positions in 
Table 4. (In fact the difference is even less than appears, for the. figures 
in Table 4 are from runs of 20 observations. If, to be strictly comparable, 
each is recomputed as two series of 10, the scatter of the variances widens 
and two series show total variances of only 1-3.) The figures for the 
combined observations appear at the left of Tables 6 and 7. The eye 
errors are regularly larger than in the immediately preceding or succeeding 
separate series, but this might be because the subject is distracted by 
moving his hand away from the target before pressing the flash button. — 
No explanation can be offered, however, for the interesting finding that 
the finger errors are substantially smaller in the combined observations. 
The combined observations were also worked out to give the mean, 
variance and standard deviation of eye position relative to finger position 
(instead of relative to target). The figures appear in the central columns 
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of Tables 6 and 7. If there is no interaction between hand and eye the 
total variance of eye on finger should equal the sum of the variances of 
eye on target and finger on target. Table 7 shows that this seems to be 
roughly true on 23 January, but on 24 January (when the subject’s 
performance is less erratic and on the whole better) the eye-on-finger 
variance is significantly less than the sum of the other two, being, in fact, 
roughly equal to the eye-on-target variance. It cannot be said, therefore, 
that in.a combined observation the subject gives up trying to look at the 
target and tries only to look at his finger, but there are times when he 
apparently divides his attention roughly equally between the two. 

All the x and y series in Table 6 were tested for serial correlation by 
comparing the variance with the mean square of the differences between 
successive observations. The 40 ratios resulting had a mean of 2-04, which 
is not significantly different from 2-00. The highest ratio was 3-33 (P > 
0-05), the lowest 0-73 (P > 0-06) and the distribution of the other values 
was likewise satisfactory. 


The ability to maintain fixation in the dark. Alterations in convergence 


A final simplification of the original task was to test the power of merely 
continuing to look in the same direction in the dark. The subject gazed 
at a dim fixation light immediately above the flash aperture, the room 
being otherwise dark. When he was ready he threw a switch which 
extinguished the fixation light and started an automatic device which fired 
the flash after.a pre-set delay. In the darkness he attempted to maintain 
fixation on the light. Both eyes were used and the head was steadied as 
usual by biting a dental grip. The early results showed that with the 
fixation light at 57 cm the first thing that happened was that the eyes 
diverged. When, however, prisms and lenses were put in front of the eyes, 
so chosen that the fixation light appeared to be at infinity, then the eyes 
tended to converge in darkness. Trial and error showed that for the 
author little change in convergence resulted when the apparent distance 
was 150 cm. (With a real distance of 57 cm this necessitated +1 dioptre 
in front of each eye and a total of 7 prism dioptres, base inwards. One 
prism dioptre deviates light from an object ahead through 1/100 radian. 
The author is emmetropic and tested with a Maddox rod has no latent 
squint at 6m.) To show the effect of distance clearly, Table 8 compares 
the results obtained at 150cm with those for an apparent distance of 
25 cm (— 2-25 dioptres in front of each eye and a total of 14 prism dioptres, 
base outwards). The delay before the flash was fired was alternately 
1-0 and 5-0 sec. Thus any progressive changes in performance should affect 


the results at the two intervals equally. In each observation the position 
of the after-image for each eye was recorded separately. Subsequently — 
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the mean position and the convergence or divergence were worked out 
from these figures. The vertical co-ordinates were not recorded. A separate 
experiment showed that no corrections for magnification were required. 
The results show that the scatter of the mean fixation points is much the 
same at the two distances, but that the eyes rapidly diverge when the 
fixation point is close. At 5-0sec the mean convergence remaining is 
appropriate to an object at a distance of 37 cm. 


Taste 8. The errors made in attempting to maintain fixation in the dark. Flash gun fired 
after either 1-0 or 5-0 sec. Subject P.A.M. For each series of ten observations are given the 
mean horizontal error of the mid position of the fixation points, in degrees, for the two eyes 
and the standard deviation of single observations; and the mean alteration in convergence, 
in degrees, and the standard deviation of single observations. Increased convergence +, 
Apparent distance of object Apparent distance of object 
25 cm 150 cm 


A. 


1-0 sec 50sec 1-0 see 5-0 sec 
Errors of mid position +0-3+0-3 +0:4+0-6 +0-2+0°4 
Change of convergence —10+0°5 —4:741-7 +0-5+0-2 +0:5+0-6 


TaBLE 9. Similar experiments to Table 8 with subject T.D. and different times 
and distances. All figures in degrees 


1-3 sec 3-6 sec 7-0 sec 9-0 sec 
Object at 44 cm 7 
Error of mid position +0:1+0°:3 0-0+0-9 — 
Change of convergence —0:8+0-1 —2-1+0°5 —2-9+0°8 
Object at 150 cm , | 
Error of mid position 0-0+0-1 —0-2+0-6 —0°2+ 1-2 —0-541°5 
Change of convergence —0°:2+0°1 —0-2+0-2 0-0+0-1 0-0 + 0:3 


Table 9 gives results from another subject for distances of 44 and 150 cm. 
In these experiments a series of ten observations was made at 1-3 sec delay 
and then a series at 3-6 sec and so on. Hence the results cannot be 
guaranteed free from the effects of progressive change. At 150 cm there 
is a steady increase with time in the scatter of the mean fixation points 
without any significant alteration in convergence. At 44 cm the figures 
for the mean fixation points are very similar, but there is also a large 
divergence. At 7-0 sec the mean convergence remaining is appropriate to 
an object at 68 cm. 


The fact that two subjects showed little change in convergence in darkness after fixating 
an object at 150 cm suggests that in the absence of any stimulus to convergence from the 
presence, or recent presence, of a fixation object the optic axes would tend naturally to 
assume this degree of convergence. It is of interest to recall that Rayleigh (1883) found he 
became short-sighted in an almost dark room and Campbell’s and others’ measurements 
show the average refractive power of the lens in the dark to be some 0-6 dioptres (Campbell, 
1954). Thus it seems probable that in the dark the eyes are both focused and converged 
for objects at about 150 em, ‘night myopia’ being accompanied by ‘night squint’. Whiteside 
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(1952) showed that changes in accommodation similar to those in the dark occur when the 
eye is presented with a uniform bright field devoid of detail to fixate ; it would be interesting 
to know if the same is true for convergence. 


The above results strongly suggest that convergence and mean direction 
are independently determined. Several experiments were done with other 
apparent distances of the object which did not show the dissociation as 
clearly as those given in Tables 8 and 9, but none were inconsistent with 
this conclusion. The scatter of the mean fixation points at 5-0 sec and 
particularly at 7-0 sec is much the same as the scatter in the experiments 
of Table 6. These times are similar to the times taken to make an eye-eye 
(or a finger-eye) trial. Thus the accuracy of merely attempting to maintain 
a fixed direction in the dark is not clearly better than the accuracy of 
looking away and attempting to refixate. On the other hand, when the 
object is close the eyes rapidly diverge in the dark, and the amount of 
this divergence shows a large scatter.. _ 

It is relevant to the question of conscious position sense in the eyes that 
subjects are quite unaware of these alterations of convergence in the dark. 
With close introspection they are sometimes vaguely conscious of saccadic 
changes of mean fixation point, but this is very likely because rapid 
movements can be detected by sense organs in the eye lids. 


The ability to hold the hand still in the dark 
The author made comparable experiments on the steadiness of the hand. 


A mapping pin was stuck into a hole in the board 57 cm in front of him. 
To alter conditions as little as possible the dental grip was used. The 


subject took hold of the pin with his right hand and shut his eyes. He — 


then withdrew it, held it as steady as possible just clear of the board for 
either 1-0 or 5-0 sec, and then attempted to replace it in the hole. Mean- 
while he kept his eyes shut, of course. The timing was done by listening 
to the clickinp-of the relay in the automatic device previously used for 
firing the flash. Thé1-0 and 5-0 sec delays were used alternately, the 
experiment consisting of ten such pairs. The results are given in Table 10. 


Once again it proves that the errors in the hand are remarkably similar 


to those in the eyes under similar conditions. 


Looking from one fixation point to another 
As a quite different task, experiments were done to see how accurately 
it was possible to swing the eye from one fixation point to another in the 
dark. For this purpose two dim fixation lights subtending 25° at the 
subject’s eye were arranged. Below one of them, say the right-hand one, 
was the flash aperture. Only one eye, the subject’s dominant eye, was 
used, the other being covered with a shade. With the room lights out the 


1 


+ 
2 
a 


MOVEMENTS OF EYE AND HAND 573 


subject practised looking from one light to the other. Finally, he fixated 
the left-hand light and threw a switch which extinguished both. He 
immediately attempted to fixate the right-hand light and as soon as he 
was satisfied (that is to say, within a second or two) he pressed a button 
to fire the flash. Only errors in the horizontal direction were recorded. 
Two subjects were used ; both showed a marked tendency to overshoot by 
one or two degrees and a standard deviation of single observations about 
the mean of about one degree. Table 11 shows that (as in the experiments 
of Table 5) the overshoot was present whether the final fixation point was 


TABLE 10. The errors made in attempting to hold the hand steady. Board 57 cm from face. : 
Pin withdrawn from board and replaced after either 1-0 or 5-0 sec. Subject P.A.M. For 
each series of ten observations are given the mean errors and the standard deviations of 
single observations in degrees 


1-0 sec 5-0 sec 
x +0°:1+0-2 +0:2+0-4 
—0-2+0°1 —0°-1+0-2 


TaBLE 11. The errors made in attempting to move the eye in darkness between two fixation 
points subtending an angle of 25° at the eye. On each day experiments succeeded each other 
_ without a break in the numbered order. The positions of the first and second fixation points 
relative to the subject are given by the letters L, C and R, L being 25° to the left of the 
primary (straight ahead) position, C the primary position and R 25° to the right of the 
primary position. The figures given are the means of the actual movements and the standard 
deviations of single observations about these means. Thus 26-4 is a mean overshoot of 
1-4°. All values in degrees 


P.A.M. 20 Oct. (1) Lto C (nm = 20), 26-4+1-0 (2) R-to C (m = 20), 25°74+1+1 


22 Oct. (1) Cto L (m = 10), 26-6+0:8 (2) R to C (n = 10), 25-5415 

(3) C to L (mn = 10), 27-0+0°8 (4) R to C (n = 10), 26-04 1-2 

8 Feb. (1) Lto C (n = 10), 27-5+1-0 (2) C to R (n = 10), 2764153 

T.D. 22 Oct. (1) R to C (n = 20), 25°7+0-9 (2) Cto L (n = 20), 26-1412 


in front of the subject or to one side or the other, and whether the eye 
movement was to the left or the right. The results, as a whole, show that 
moving the eyes from one fixation point to another is no more accurately 
performed than the other tasks already tested. 


Repositioning a luminous point in the dark , 

A last experiment explored the possibility that the eye muscles might 
give accurate information about eye position which was available for 
judging the position of external objects, but in some way could not be 
used for directing the eyes accurately in the dark. The subject was shown 
a dim light in front of him in an otherwise dark room. It was then 
extinguished by an assistant, moved horizontally either to left or right for 
several degrees and: put on again. The subject then gave the assistant 
instructions to move it until he was satisfied that it had returned to the 
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original position. This operation took between 5 and 10 sec. Alternating 
with these observations ordinary eye-eye observations were made. The 
subject looked at the dim light, it was put out, he looked away and then 
attempted to look at it again; after 5 sec the flash immediately below the 
light was fired. Only horizontal errors were recorded. Ten such pairs were 
carried out. In the repositioning series the mean error and the standard 
deviation of single observations about the mean was —0-6° + 0-7° and in 
the eye-eye series — 0-1° + 0:6°. Similar results were obtained in a nearly 
identical experiment on another subject. It is clear, therefore, that there 
is nothing exceptionally accurate about repositioning. | 

In preliminary trials before the above series were begun an unexpected 
result occurred. Owing to a misunderstanding the assistant moved the 
light in the opposite direction to that asked for by the subject. He also 
moved it rather slowly, at a rate of perhaps half a degree a second, and 
kept stopping. In one trial the assistant moved the light some 2° to the 
subject’s left while it was out; when he put it on he moved it still further 
to the left, the subject having asked for it to be moved to the right. 
Nevertheless when, after several small movements, it reached 4-7° to the 
left the subject declared himself satisfied. In the next trial the initial 
movement was to the right and the final position, which was fully accepted 


misunderstanding came to light. Subsequently the assistant moved the 
light more rapidly and in the correct direction, but the above experience 
shows how very uncertain a subject is of his eye position if it changes 
slowly. The phenomenon of autokinesis shows that he may be equally 
uncertain when his eyes do not move at all. 

DISCUSSION 

The first series of experiments show that errors of the order of 5° are 
made in attempting to look, in the dark, at a point previously located 
by touching it with a finger. As already said it is difficult to believe that 
if Sherrington had obtained similar results he would have spoken of them 
as he did. What he wrote implies that in his experiments the subject was 
able to direct his eyes so that when the light came on the object was at 
the fixation point; that at any rate is the most likely interpretation of his 
phrase ‘remains good’ in the quotation given in the introduction. Remains 
good by comparison with what? Only it would seem by comparison with 
the power to direct the gaze with the light on, and with the light on the 
object can, of course, be precisely fixated. This interpretation is supported 
by an otherwise obscure sentence in the 1918 paper. Speaking of the 
experiments in a dark room, with the surface of the eyes cocainized, 


by the subject, was 9-7° to the right. This aroused suspicion and the 
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Sherrington says: ‘The direction of the eyeball is then judged almost as 
accurately as with the use of the retina in the undarkened room’. This 
only makes sense if the expression ‘judging the direction of the eyeball 
with the use of the retina’ is intended to refer to the act of fixation. The 
whole sentence would take on the proposed meaning unambiguously if 
the word ‘judged’ were altered to ‘adjusted’. It must be admitted, 
however, that if this interpretation is correct it implies that Sherrington 
either accepted or overlooked the improbable consequence that position 
sense in the arm must be equally accurate, for in his experiments the 
position of the mark was only known through the arm. 

As it is not known how Sherrington determined the direction of the 
eyes when the light was switched on, it is impossible to account with 
certainty for the presumed differences between his results and mine. 
Although it seems most unlikely, attention should perhaps be drawn to 
the possibility that Sherrington relied on his subjects’ statements of 
where they were looking when the lights came up. Under such conditions 
it might be difficult to avoid unconsciously fixating the mark as soon as 
it could be seen and thereby achieving a spurious accuracy. The only thing 
that makes this suggestion at all plausible is that it is difficult to think of 
any better method that could have been employed instead, within the 
framework of Sherrington’s published account. : 

The type of experiment that Sherrington described does not reveal the 
best performance of which the eye is capable. When the object is located 
by first fixating it in the light, and when only one direction of object is 
considered at a time, the scatter is reduced to a standard deviation about 
the mean. position of about +1°. Even this accuracy will seldom bring 


the object on to the fixation area of the fovea, for Barlow (1952) has 
shown that when refixating a visible object successive fixation points are 


scattered with a standard deviation of only 5’ of arc. The performance 
in the dark would, therefore, have to be improved by a factor of 12 to 
match the performance in the light; and this does not take into account 


_ any mean bias that is introduced in the dark. 


An unforeseen finding was the close similarity in the accuracy of the 
eyes and the hand. Perhaps it ought to have been foreseen, for joint use 
of the eye and hand is a feature of human life and it is not unlikely that 
for this purpose the most economical arrangement would be to match 
their performances. When, for instance, the fingers make contact with an 
object which arouses interest, there is no need for the mechanism which 
turns the eyes towards it to be able to work to closer limits than the 
sensory receptors in the arm that report its position in the first place. 

Whether the accuracy of movement found in this paper is held to require 


positional information from eye-muscle receptors is a matter of opinion. 
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If it is required, no very large number of receptors would seem to be needed 
to supply it. Certainly the present experiments do not suggest that the 
type of task investigated here is one of those that the extremely numerous 
sense organs in eye muscles are employed to optimize. 3 


SUMMARY 

1. Eye positions in darkness were measured by an after-image technique. 

2. When attempts were made, in the dark, to look towards an object 
previously located by fixating it with the lights on, errors were made such 
that the standard deviation of successive attempts around their mean 
position was roughly + 1° in both horizontal and vertical directions. 

3. Errors similar in magnitude were made when pointing with the fore- 
finger in the dark at an object previously located by touching it with that 
finger. 

4. Larger errors were made if the object moved between attempts or 
if the subject had to look towards an object located by touch. When the 
object occupied randomly selected positions lying between 20° to the left 
and 20° to the right of the subject and the task was to look towards the 
object in the dark after locating it by touch, the errors in the horizontal 
direction showed a standard deviation of about + 5°. 

5. The ability merely to maintain fixation when the room was put in 
darkness was roughly the same as the ability to hold the hand steady at 
arm’s length. After 5 sec both showed a standard deviation in the hori- 
zontal direction of about + 4°. 

6. When using both eyes, changes of convergence of several degrees 
might occur in the first few seconds of darkness. These changes proved 
to be independent of the above changes in fixation point (which refer to 
the mid position of the two fixation points when both eyes were used). 

7. A general finding of interest was the closely similar accuracy in 
directing the eyes and the hand in the dark. 


My warmest thanks are due to Mr T. Davies wre made much of the apparatus and 
pavers of the experiments. 


Note added in proof. In the present paper and in that of Brindley & 
Merton (1960) the work of Irvine & Ludvigh (1936) and Ludvigh 


(19524, 6), which had led them to similar conclusions, was regrettably 
overlooked. 


Irving, 8. R. & Lupvies, E. Se tiia Is ocular proprioceptive sense concerned in vision? 
Arch. Ophthal., N.Y., 15, 1037-104 


LupvieH, E. (1951a). Possible role . proprioception in the extra-ocular muscles. Arch. 


Ophthal, 48, 436-441. 


- Lupvieu, (19526). Control of ocular movements and visual bates of environ- 
ment. Arch. Ophthal., N.Y., 48, 442-448. 
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THE EFFECT OF HISTAMINE, 5-HYDROXYTRYPTAMINE 
AND ACETYLCHOLINE ON CUTANEOUS AFFERENT FIBRES 
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(Received 5 December 1960) 


The cutaneous nociceptors have thin myelinated and non-myelinated 
afferent fibres (see Zotterman, 1959 for a review), but there is little 
information about the sensitivity of the endings of individual fibres to 
cutaneous stimuli. This arises because the small diameters of their afferent 
fibres have delayed an exact analysis with single-fibre techniques and also 
because stimuli sufficient to excite the nociceptors will, in addition, not 
only excite the receptors highly sensitive to the particular stimulus but 


also excite receptors which are highly sensitive to other forms of energy, 


i.e. the specificity of the nerve endings is not absolute. Identification of 
the nociceptors is thus made more difficult. All the non-myelinated fibres, 
in particular, have come to be regarded as pain fibres, even though 
Zotterman (1939) had described a discharge of small impulses, which were 
presumed to be in non-myelinated cutaneous fibres, when only mild 
mechanical stimuli were used. More recently Douglas & Ritchie (19575) 
recording from intact nerves, and Iggo (1960) using single-fibre techniques 
proved that many C fibres could be excited by mild mechanical stimulation 
of the skin. A quantitative examination of single units established that 
the mechanically sensitive C fibres had a wide range of thresholds, from 
20 mg to more than 7:5 g. Other C fibres were specifically sensitive either 
to heating or to cooling of the skin (Iggo, 19596; Hensel, Iggo & Witt, 1960; 
Iriuchijima & Zotterman, 1960). No units could accurately be identified 
as nociceptors, although the thresholds to all stimuli of the least sensitive 
were so high that the effective stimuli could be regarded as noxious. For 
this reason additional more specific tests are required in order to identify 
the nociceptors. 

If all cutaneous nociceptors were excited by all noxious agents, as is 
generally assumed, then the injection into the skin of pain-producing 
chemicals might provide such an additional test. Histamine, acety]- 
choline, 5-hydroxytryptamine (5-HT) and mixtures of histamine and 
acetylcholine will in low concentrations (10-*-10-8 g/ml.), cause pain when 
put on blister bases in man (Armstrong, Dry, Keele & Markham, 1953), 
as will histamine when it is injected into the superficial layer of the skin 
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(Rosenthal, 1950) and a mixture of histamine and acetylcholine when it is 
pricked into the skin (Emmelin & Feldberg, 1947; Skouby 1953). Hist- 
amine when put on frog skin may provoke a discharge of impulses in 
afferent fibres (Habgood, 1950; Dodt, 1955; Arthur & Shelley, 1959) as 
will acetylcholine in the appropriate conditions (Jarrett, 1956). In 
mammals, on the other hand, Brown & Gray (1948), Douglas & Gray 
(1953), Witzleb (1959) and Douglas & Ritchie (1960) excited some of the 
fibres in multi-fibre strands of cutaneous nerves with the close-arterial 


_ injection of acetylcholine, but not with histamine. 


The present paper describes an attempt to identify cutaneous nociceptors 
by making close-arterial injections of histamine, acetylcholine, histamine 
and acetylcholine and 5-hydroxytryptamine into the skin while recording 
from single-unit preparations. Preliminary accounts of the results have 


| — (Fjallbrant & Iggo, 1959; Iggo, 19594). 


METHODS 


The eleven cats used were anaesthetized with chloralose, 80 mg/kg 1.v., after induction 
of anaesthesia with ethyl chloride and ether, A skin incision was made in the mid thigh 
above the saphenous nerve. The femoral artery was then dissected in the thigh and the 
muscular branches to a point about 2 cm distal to the origin of the saphenous artery were 
ligated. A fine polythene cannula was inserted in a retrograde direction into the femoral 
artery in Hunter’s canal so that its tip was just distal to the orifice of the saphenous artery. 
The femoral artery was occluded centrally during the injection, which was washed in with 
Ringer—Locke solution. The thoroughness of the ligation of the muscular branches was | 
checked in some experiments by injecting Indian ink through the cannula at the end of the 
experiment. 

The fixation of the leg with metal pins through each end of the tibia, the dissection of the 
single units, the methods used to provide quantitative mechanical and thermal stimulation 
of the skin and the recording methods were similar to those described previously (Iggo, 
19596, 1960). 

Chemicals. The chemicals were stored dry and were dissolved in Ringer—Locke solution 
as required during each experiment: histamine acid phosphate (Burroughs Wellcome), 
acetylcholine chloride (Roche Bros. Ltd), 5-hydroxytryptamine creatinine sulphate (Abbott 
Laboratories) and impure bradykinin (a gift from Dr E. W. Horton). The amounts injected 
are expressed as the base, with the exception of bradykinin. 

Method of injection. The close-arterial injections were made into the femoral artery at the 
orifice of the saphenous artery. The latter supplies blood to a large area of the skin on the 
medial aspect of the thigh, leg and foot. This procedure was adopted because the single 
fibres were dissected from the nerve in the mid thigh and the position of the receptive fields 
could not, therefore, be predicted. As a result, however, the conditions of the experiment 
differ from the similar investigations of Brown & Gray (1948), Douglas & Gray (1953) and 
Douglas & Ritchie (1960) in that the chemicals were put into the blood stream at a greater 
distance from the receptors in the present work and the blood flow was not restricted to the 
skin. The chemicals thus probably had, in the present work, a more gradually rising con- 
centration at the nerve endings and some of the acetylcholine might also have been destroyed 
in the blood. 
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RESULTS | 
Multi-fibre strands of the saphenous nerve 


Multi-fibre strands were used in the initial experiments because the 
actions of the injected chemicals could be tested on a large sample of 
afferent fibres. The identification of a particular active fibre was, however, 
usually unreliable when there were numerous fibres in a strand. 

Histamine. The quantities used ranged from 6-6 to 230 yg. The largest 
doses were little more effective than 60g; in most experiments the doses 
ranged from 10 to 20g. These amounts are less than the quantities of 
histamine released rapidly in the skin by drugs such as compound 48/80 
(Feldberg & Paton, 1951), and may therefore be regarded as within 
physiological limits. 


The first reaction to an injection of histamine appeared within 5 sec — 


with the largest doses and the peak of activity occurred at 1-3 min. The 
maximum frequency of discharge was low, never greater than 10/sec, and 
the impulses were often grouped in bursts. The activity did not persist 
beyond 6 min. Only a small proportion of 54 fibres i ina multi-fibre strand 
were excited by the histamine. 

Acetylcholine (Ach) was tested, in doses ranging from 20 to 60 yg, on six 
strands. Any discharge of impulses appeared soon after the injection, as 
reported by Brown & Gray (1948), Douglas & Gray (1953) and Douglas & 
Ritchie (1960). With one strand, containing both myelinated and non- 
myelinated fibres, there was a burst of activity, in a few of the fibres, 
which began before the injection was completed, reached a peak 20 sec 


after the start of the injection, fell quickly to low level at 35 sec and then 


persisted until 110 sec. On another occasion impulses which appeared to 
be in a single A fibre were recorded; the frequency was not greater than 
16 sec at the peak of excitation and bursts of impulses were present for 
4 min after the injection. 

Histamine and acetylcholine. Mixtures of these chemicals when pricked 
into human skin were reported by Emmelin & Feldberg (1947) and Skouby 
(1953) to cause stinging pain. For this reason the mixtures were injected 
in the present work. 

The combined injections were more potent than the injection of either 
chemical alone, The discharge was maximal 1-3 min after the injection 
(Fig. 1) and bursts of impulses continued for as long as 10 min. The 
maximal frequency of discharge was not very high, and when it could 
mo as arising in particular fibres it was never more than 

sec 

5-hydroxytryptamine. Douglas & Ritchie (1957 a) that 5 
tryptamine (5- -HT) was very potent in exciting the cutaneous afferent 
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fibres. This is confirmed by the present work. Injection of 4-40yg of 


5-HT aroused a discharge which began within 20 sec, reached its peak at 
1-3 min and persisted on one occasion for as long as 13 min. The discharge 
was, as with the other chemicals, intermittent; groups of impulses were 
separated by longer intervals of silence. 
The characteristic response to injection of all the above chemicals was, 


Fig. 1. The effect of an injection of a mixture of histamine (204g) and acetyl- 
choline (404g) on a multi-fibre strand of the saphenous nerve. The base line before. 
the injection, not shown, was silent. The records from above down were taken at 
15 sec, 30 sec, 45 sec, 1 min 45 sec and 3 min 45 sec after the injection. The rate of 
firing in individual fibres did not exceed 5/sec and only a small proportion of all 
the fibres in the strand were excited. An indication of the number of fibres in the 
strand can be gauged from the response to (F’) heating the skin and (@) stroking 
the skin firmly. Time marker, 0-1 sec, applies to all tracings. 
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therefore, a low-frequency sporadic discharge of impulses in only a few 
of the fibres in multi-fibre strands of the saphenous nerve. 


Action on single afferent fibres 
_ An important advantage gained by the use of single units, combined 
with quantitative natural stimulation of the receptors, is that not only can 
any excitatory action of the chemicals be measured accurately but also 
any depression of excitability can be detected and measured. In addition 
the conduction velocities of the afferent fibres can be measured and thus 
give an indication of the types of fibres studied. 


Cutaneous myelinated afferent fibres 


Hair receptors, touch receptors, slowly-adapting pressure receptors and 
insensitive pressure receptors were examined. Only one group of these 
receptors was found to be affected, the slowly-adapting pressure receptors. 


Slowly-adapting pressure receptors 


These may be the same as the pressure receptors in the rabbit’s skin 


described by Frankenhaeuser (1949). The thresholds for mechanical 
stimulation of the receptors were about 1g wt. and the conduction 
velocities ranged from 20 to 55 m/sec. A conspicuous feature of some of 
these receptors was a very steady resting discharge of impulses at fre- 
quencies of 3-15 impulses/sec, similar to the discharge in some corneal 
afferent fibres (Tower, 1940) and in cutaneous fibres (Witt & Hensel, 1959; 
Hunt & McIntyre, 1960). The resting discharge could be altered by 
mechanical stimulation of the skin, increasing smoothly in frequency when 
pressure was applied. The resting discharge was depressed for a few 
seconds after strong mechanical stimulation of the skin, and returned 
gradually during a few seconds.to the resting level. If a unit was silent 
it could sometimes be aroused to a persistent steady discharge by vigorous 
mechanical stimulation. The persistent regular discharge of these units 
was particularly useful since the receptors were influenced by the chemicals 
used in this work. 

Histamine. The action of histamine was consistent. It was recorded 
19 times in 21 trials using 11 fibres, with doses ranging from 6-6 to 66 yg. 
In the later experiments in the series 10 ug was invariably effective. The 
effect on the resting discharge of one fibre is illustrated in Fig. 2 (open 
circles). Within 20sec of the injection the resting discharge began to 
increase and was maximal at 1-3 min. The discharge then stopped, more 
rapidly than it had increased. It was absent for 2 min. The silence in 
other fibres lasted from 10 sec to 12 min. Recovery to the original value 
was gradual, taking as mae as 30min. In one experiment the resting 
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discharge was permanently enhanced after repeated injections. If a fibre 
was silent before the injection a discharge of impulses could be evoked, 
with a time course similar to that for the active fibres. 

The response of the same unit to an intermittently applied mechanical 
stimulus passed through a similar cycle of enhancement, depression and 
recovery when histamine was injected. The initial enhancement was most 
obvious at the time when the resting discharge was failing. The recovery 
from the depression was also earlier for the response to mechanical stimulus 
than for the resting discharge, and there was a period of enhancement 
during the recovery (Fig. 2, filled circles). Two interesting features of the 


40 
25r- 
20+ 
a 
Sk 
0 4 8 12 16 20 i ae 40 
Minutes 


Fig. 2. The effect on an A pressure receptor (threshold, 1-25 g wt. conduction 
velocity, 35 m/sec) of an injection of 66 pg histamine. O—O resting discharge, @—® 
the response to intermittent pressure with a small probe. The stimulus intensity 
chosen was less than twice threshold intensity. The maximal response to mechanical 
stimulation coincided with the failure of the apontenacns discharge, but, as described 
in the text, the discharge during mech ] lation was not as persistent during 
this phase as it was normally. 


enhancement were, (1) the units did not continue to discharge throughout 
the period of mechanical stimulation as they did normally, there was an 
apparent acceleration of adaptation, and (2) the firing became inter- 


-mittent, with gaps that initially were a multiple of the pulse interval. 


These gaps are unlikely to have been due to a failure of the impulses to 
leave the nerve terminals, since, initially, the normal interval was just 
doubled. This response implies that the usual sequence of events at the 
nerve ending leading to and following the discharge of an impulse had 
taken place, but that the impulse did not travel to the recording electrodes. 

The response to a second injection of histamine oneang: S the depression 
associated with an initial dose was not examined. 
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Acetylcholine. Only two units were tested. One was unaffected by doses 
of 30 and 60 ug; the other was excited by 30 ug. Within 30 sec of the start 
of injection the frequency of the resting discharge was enhanced and it 
reached a maximum at 3-4 min (Fig. 8 in Iggo, 1959a). Twelve minutes 
later the discharge had fallen to its original value. This is a very much 
nore prolonged action than was reported for ACh by Brown & Gray(1948) 
and Douglas & Gray (1960). The persistence of the effect suggests that it 
might have been due to a secondary action of the ACh. 

Histamine and acetylcholine. The combination of ACh with histamine 
tended to intensify the action of histamine (Fig. 8 in Iggo, 1959a). In this 
figure the typical response to histamine, which was absent when only 20 yg 
of histamine was injected, was present when half that quantity of hist- 
amine was injected together with 24 ug of ACh. 
 5-hydroxytryptamine. The effects of 5-HT (1-20 ug) on both the resting 
discharge and the response of the pressure receptors to mechanical 
stimulation were similar to those caused by histamine. During the 
recovery from 5-HT the resting discharge was enhanced. On one occasion 
there were two phases of excitation of a pressure receptor with no resting 
discharge. A second phase of enhancement of a steady discharge was never 
seen with histamine or with mixtures of histamine and ACh. 


Hair receptors, insensitive mechanoreceptors 


Although many nerve strands contained examples of these types of | 


unit there was no occasion when the injection of any of the chemicals 
aroused a discharge of impulses in the fibres. Five hair receptors and two 
Insensitive mechanoreceptors with myelinated afferent fibres, isolated as 
single units, weré tested with histamine and with histamine and ACh. No 
change in the response to quantitative mechanical stimulation was found. 


Cutaneous non-myelinated afferent fibres 
Mechanoreceptors 


Ten single mechanoreceptors with non-myelinated afferent fibres were 
examined and included examples of all the Groups I, II and III (Iggo, 
1960). 

Histamine. Only two of the ten units were excited by the injection of 
histamine (10-160 g). The largest response was a few impulses, at less 
than 5/sec, within 30sec of the injection. An immediate short-lived 
enhancement of the response to mechanical stimulation may have been 
missed because the units were not tested at frequent intervals. In order to 
obtain a steady base line the mechanical stimuli could not be repeated 


more frequently than once every 30 sec, because more frequent stimulation | 


leads to an inexcitability of the nerve endings (Iggo, 1960). The two units 
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tested most thoroughly both revealed a persistent depression after hist- 
amine (Fig. 3); one unit did not recover its original excitability for 1 hr. 


The other four units were apparently unaffected by histamine in the 
quantities injected, 


Acetylcholine. Only one of the four units examined was excited by 30 p pg 
of ACh; other unidentified units in the same strand fired intermittently, 
at frequencies not greater than 6/sec, for 5-30 sec after the injection. 
With one of the units there was an apparent twofold enhancement of the 
response to mechanical stimulation 30 sec after the injection. 


Impulses/sec 


0 4 8 12 16 20 24 28 32 
Minutes 


Fig. 3. The effect of histamine 10 ng O—O and of a mixture of histamine, (10 wg) and 
acetylcholine (24 ug) @—@ on the response of a C mechanoreceptor to pressure on 
the skin with a nylon probe, tip diameter 0-25 mm. The threshold of the unit was 
1-5 g wt. At no time was there a discharge of impulses in the absence of a stimulus. 


Histamine and acetylcholine. The mixture, which was tested on seven 
mechanoreceptors with non-myelinated afferent fibres, was more effective 
than the injection of either chemical alone. A low frequency discharge at _ 
4-5 imp/sec was the largest response, but brief bursts of impulses did 
persist for as long as 14min. The response to monitored mechanical 
stimulation was enhanced briefly by as much as 50% with three of the 
seven units. A later depression was evident with six of the seven units and 
lasted for as long as 30 min (Fig. 3). 

5-hydroxytryptamine. One of the two units tested was excited by 2 ug of 
5-HT. The discharge was weak, about 1/sec. The response to mechanical 
stimulation was simultaneously enhanced and during the depression which | 
followed the enhancement it fell to 25 °%, of the control value. 


Thermoreceptors 
Only the less sensitive thermoreceptors with non ae fibres 
- 19596) were tested. 
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Histamine. The one heat receptor tested was excited by histamine, and 
6 min after the injection of 8-3 4g of histamine there were still bursts of 
impulses. The rate of firing was, however, low, less than 5/sec. The 
mechanical sensitivity of this unit showed a brief but pronounced enhance- 
ment 15 min after the injection of 66 ug of histamine. A brief stroking of 
the skin, which initially was insufficient to excite the unit, evoked a dis- 
charge of impulses at 14/sec which persisted at a slowly declining frequency 
for at least 10 sec. This response was most unusual. Later testing with the 
same mechanical stimulus again failed to excite the unit. 

The one cold unit tested was depressed by the injection of 100 yg of 
histamine; the steady discharge of impulses produced by ice on the skin 
ceased 20 sec after the injection and returned 73 sec later. This unit gave 
a very conspicuous burst of impulses when the skin was heated after being 
kept at a low temperature (the ‘rewarming burst’, Iggo, 19596). This burst 
of impulses was prolonged after the histamine injection, and lasted nearly 
60 sec compared with the usual 15 sec for this unit. 

Acetylcholine was not tested on the thermoreceptors. 

Histamine and acetylcholine. One heat receptor was tested. Injections of 
10ug histamine and 20ug ACh evoked an intermittent discharge of 
impulses (Fig. 4), each burst lasting not longer than 2 sec and recurring at 
variable intervals for as long as 14 min. The maximal frequency was 5/sec. 
The response to thermal stimulation was depressed after the injection 
(Fig. 4) even when there were intermittent bursts of impulses, with 
recovery after about 10 min. 

5-hydroxytryptamine. The heat receptor tested was excited by 2yug of 
5-HT. Bursts of impulses at low frequency were present for 4 min. The 
response to thermal stimuli, tested at 3 min intervals, was depressed in 
much the same way as by histamine and ACh. 

Intradermal injections of histamine and of 5-hydroxytryptamine. Hist- 
amine was pricked or rubbed into the skin in the receptive fields of two 
slowly-adapting pressure receptors with myelinated afferent fibres. On 
each occasion there was an enhancement of the resting discharge, twofold 
with one unit and fourfold with the other. The peak frequency fell gradually 
to the resting level after 38 and 8 min, respectively. 5-HT was pricked 
into the skin in the receptive fields of two mechanoreceptors with non- 


myelinated afferent fibres and each time the units became unresponsive to 
mechanical stimulation. 


Other observations 


Bradykinin (impure) was injected in doses of 300-400 yg in three cats. 
The eight slowly-adapting pressure receptors with myelinated afferent 
fibres which were tested were all excited by the injection. A steady ere 
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discharge of 7-5/sec in one fibre rose after 25 sec to 20/sec, remained at this 
level for 6 min, and slowly fell to the original value after 30 min. Non- 
myelinated fibres in the same strand were excited only very feebly if at all. 


or eer err 


Injection ———> 


Fig. 4, The effect of an injection of histamine, (104g) and acetylcholine, (20 ug) 
on a C heat receptor. Before the injection there was a brisk response when a brass 
rod, 10mm diameter, at 62° C was placed on the skin. After the injection this 
response was progressively diminished and was minimal at 4-6 min. Twenty 
minutes later the thermal response was almost normal. Ten seconds after the 
injection there was a burst of impulses in the fibre in the absence of heat (the record 
was taken with twice the gain of the other records in order to reveal the activity 
aroused in other fibres by the injection). The irregular discharge at very low 
frequencies recurred for 6 min and was present even when the sensitivity to the 
thermal stimulus was low. The temperature of the rod, which was placed on the 
skin near the start of each record except the second and left on for the rest of the 
trace, and the times of application, are indicated at the left. The injection was made 
at zero time. Spikes retouched. Time marker, 0-1 sec. 
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DISCUSSION 


The various cutaneous afferent fibres were not uniformly sensitive to the 
intra-arterial histamine, histamine and acetylcholine, and 5-HT. There 
was a definite excitatory action on the slowly-adapting pressure receptors 
with myelinated afferent fibres and on the two heat receptors with non- 
myelinated afferent fibres tested. There were other unidentified responses. 
The pressure receptors displayed a phase of increased resting discharge and 
enhanced responsiveness to natural stimulation, followed by a deep 
depression. This enhancement of the response to natural stimulation was 
greatest as the resting discharge was falling after its initial rise (Fig. 2). 
The excitation of the heat receptor was associated with a diminished 


response to natural stimulation. This unit also displayed a much enhanced 


response to mechanical stimulation at the time it was recovering its 
sensitivity to thermal stimuli. The responses of other mechanoreceptors 
and thermoreceptors with non-myelinated afferent fibres to natural 
stimulation were all depressed by histamine and 5-HT, even though a 
weak discharge of impulses might be provoked by the injection. Hair 
receptors with myelinated afferent fibres were apparently unaffected by 
the chemicals. Any action of acetylcholine was excitatory, but the quanti- 
ties injected were apparently inadequate to reveal the strong excitatory 
actions found in other experiments. 

The primary aim in the present work was to establish whether histamine 
and 5-HT would be satisfactory test agents in identifying nociceptors. The 
actions of both chemicals in exciting the pressure receptors with myelinated 
afferent fibres is an indication that they are not. Preliminary experiments 
with impure bradykinin led to the same conclusion. The unsuitability of 
acetylcholine for this purpose is evident from the very generalized action 
of this chemical in exciting most afferent fibres if a sufficient quantity is 
used (see Paintal, 1956, for a review). Douglas & Ritchie (1960) have 
recently described an excitant action of acetylcholine on cutaneous non- 
myelinated fibres. The present experiments in which there was no con- 
spicuous discharge of impulses following acetylcholine, but in which 
histamine and acetylcholine were effective, are more comparable with the 
sensory studies of Emmelin & Feldberg (1947) and Skouby (1953), since 
these investigators made intracutaneous injections of acetylcholine which 


by itself had no sensory effect, yet caused a change in the response to — 


_ histamine when both chemicals were injected together. 

' Until more is known of the properties of the least sensitive cutaneous 
receptors it is premature to claim that the nociceptors have been satis- 
factorily identified. Certainly no fibres with a more or less uniform sensi- 
tivity to all noxious stimuli, including the pain-producing chemicals, have 
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yet been found. Instead, there are indications that the nociceptors may . 
be modality-specific, since insensitive cold receptors, heat receptors and 
mechanoreceptors with non-myelinated afferent fibres have been described 
(iggo, 19596, 1960). The idea that the chemicals we have used could pick 
out all the nociceptors may thus be ill-founded. 


SUMMARY 


1, Close-arterial injections into the saphenous artery were made while 
electrical activity was recorded in cutaneous afferent fibres dissected from 
the saphenous nerves in cats anaesthetized with chloralose. 

2. Histamine (6-6-230yg), 5-hydroxytryptamine (4-40yg), acetyl- 
choline (20-60 ng) and histamine and acetylcholine excited. briefly some 
of the fibres, both large and small, in multi-fibre strands. Identification 
of the active fibres was not usually possible. , | 

3. The only single myelinated afferent fibres which were affected were 
those from slowly-adapting mechanoreceptors. After injections of hist- 
amine (6-6—66 wg), 5-hydroxytryptamine (1-20 yg) and of histamine and 
acetylcholine there was an initial enhancement, lasting 2—4 min, of both 
the resting discharge and the response to pressure, followed by a depression - 
of sensitivity, with recovery after 10-60 min. 

4. The non-myelinated fibres examined as single units included both 
mechanoreceptors and thermoreceptors. Some heat and mechanoreceptors 
were excited by the injection of histamine and acetylcholine, histamine 
and 5-hydroxytryptamine, but the rate of firing was never greater than 
5/sec and was sporadic. The sensitivity of the endings to natural stimuli 
was depressed, even in those fibres which were excited by the injections. 

5. Impure bradykinin enhanced the steady resting discharge of slowly- 
adapting A pressure receptors but had only a very weak action on C fibres. 
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THE DISTRIBUTION, CONNEXIONS AND HISTOLOGY OF 

BARORECEPTORS IN THE PULMONARY ARTERY, WITH 

SOME OBSERVATIONS ON THE SENSORY INNERVATION 
OF THE DUCTUS ARTERIOSUS 


By J. C. G. COLERIDGE, C: KIDD ann J. A. SHARP 


From the Departments of Physiology and Anatomy, School of Medicine, 
University of Leeds 


(Received 7 December 1960) 


A previous paper (Coleridge & Kidd, 1960) presented electrophysio- 
logical evidence for the existence of baroreceptors in the pulmonary artery 
of the dog. The further experiments described in this paper provide more 
detailed information about the distribution of these receptors in the 
different parts of the pulmonary artery and about the intrathoracic path- 
ways of their afferent nerves in reaching the cervical vagi. The sensory 
endings from which recorded impulses originated have also been identified 
histologically and described. 

In the course of these experiments some observations on the adult dog 
seemed to suggest that baroreceptors might also be found in the ductus 
arteriosus. Therefore action potentials were recorded from afferent vagal 
fibres in piglets and puppies in a search for such receptors. 

A brief account of some of these findings has already been published 
(Coleridge, Kidd & Sharp, 1961). : 


METHODS 


Experiments were performed on dogs, puppies (4 weeks old) and piglets (3-8 days old). 
The dogs were anaesthetized with ether and chloralose (0-08 g/kg intravenously) or with 
morphine sulphate (3 mg/kg subcutaneously) followed by 0-25 ml./kg (intravenously) of 
a 1:1 mixture of Dial Compound (allobarbitone-urethane, Ciba) and sodium pentobarbitone 
(Nembutal, Abbott Laboratories Ltd.) solutions. The puppies and piglets were anaesthetized 
with sodium pentobarbitone solution intraperitoneally (puppies 25-40 mg/kg); in piglets 


_ the dose producing anaesthesia was extremely variable (25-90 mg/kg). 


The lungs were ventilated by a Starling ‘Ideal’ pump. The sternum was split in the mid 
line and the pericardium was opened. Respiration was recorded with an optical manometer 
attached to a side arm on the tracheal cannula. Action potentials were recorded from 
afferent fibres dissected from the right or left cervical vago-sympathetic trunk. An electro- 
cardiogram was also recorded. A detailed account of the recording techniques has been 
given in a previous paper (Coleridge & Kidd, 1960). 

Location of pulmonary arterial baroreceptors. The site of a receptor, from which action 
potentials were being recorded, was explored first by tightening and releasing, in turn, 
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ligatures placed round the origin of the main pulmonary artery and lung roots. The records 
shown in Text-fig. 1.4, B depict the characteristic alterations in impulse activity by which 
pulmonary arterial baroreceptors were identified. The receptor was located accurately by 
exploring the artery with a fine probe after the animal had been killed and the vessels 
dissected; for several minutes after the cessation of the circulation direct mechanical 
stimulation of the receptor continued to produce action potentials in the vagal slip. Finally, 


t 

Text-fig. 1. Steps in the location of a pulmonary arterial baroreceptor for sub- 
sequent histological identification. A, effect of occlusion (1) and release (2) of the 
main pulmonary trunk. B, effect of occlusion (1) and release (2) of both lung 
roots (note increase in tracheal pressure during occlusion). The animal was 
killed and by direct pressure with a probe the receptor was located in the right 
branch just beyond the main bifurcation. A flap of the vessel wall containing the 
receptor was then cut (as described in the text). C, effect of punctate stimulation of 
the flap after it had been reduced to a 2mm square. (PI. 1, figs. 3, 4, shows the 
histological appearance of two endings found within this specimen.) In this and 
subsequent figures the following abbreviations are used: e.c.g., electrocardiogram ; 
P, action potentials from vagal slip; t, time trace (1/50 sec); R, tracheal pressure 
(upstroke representing inflation); S, signal marker. 


to make more certain the histological identification of the receptor, a small flap of the 
arterial wall was isolated by cutting round three sides of a square containing the receptor, 
leaving intact the direction in which the afferent fibre was expected to pass. Then, if action 
potentials could still be recorded, the flap was gently retracted and gradually reduced in 
size with fine scissors while the position of the receptor was checked repeatedly by probing 
(Text-fig. 1C). The discharge was finally abolished when the fourth side of the square was 
cut. In two experiments a receptor was thus localized to within a 2 mm square. 

Nerve connexions of the pulmonary baroreceptors. In early experiments, seeking to deter- 
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mine the intrathoracic branches by which afferent fibres from pulmonary baroreceptors 
reached the cervical vagus, potentials were recorded from the branches themselves. The 
vagal trunk was placed on an earthed stainless-steel plate to reduce interference from the 
e.c.g. and impulses showing the behaviour characteristic of pulmonary arterial receptors 
were recorded from several such preparations. However, the fibres were often pulled from 
the electrodes by the movements of the heart or by the manoeuvres employed to locate the 
receptors. The movements also caused large artifacts in the electroneurogram. 

The following alternative method was more satisfactory. The vagal branches in the chest 
were freed and fine threads were passed round them. Action potentials were recorded from 
a pulmonary arterial fibre isolated from the cervical vagus in the usual way. The thoracic 
path of the fibre was then determined by placing each of the vagal branches in turn upon 
the platform (5 mm wide) of a cooling device (Bjurstedt, 1946) the temperature of which 
could be lowered and recorded until the branch was found, cooling of which —o dis- 
appearance of impulses from the cervical vagal slip. 

Histological methods. Specimens of the pulmonary artery were fixed in 10% formol- 
saline, embedded in paraffin and sectioned serially at a thickness of 15. The sections were 
then mounted on slides and stained by the silver method of Holmes (1947). 

The distribution of cholinesterase was examined in specimens taken from the pulmonary 
artery of one dog. The material was fixed in cold 10% formol-saline for 6 hr, and frozen 
sections cut tangentially to the vessel wall at 40, were subjected to a modified Koelle 
technique for the localization of cholinesterase (Coupland & Holmes, 1957) at values of 
pH between 4-4 and 5-2. Both acetyl- and butyrylthiocholina substrates were used. 

Another specimen of the artery was fixed in 2% osmium tetroxide for the detection of 
myelinated nerve fibres. 


RESULTS 
Location of receptors 


iaacesdines were made in dogs from 128 fibres whose endings were 
situated in the extrapulmonary parts of the pulmonary artery. In 124 of 
these experiments the discharge was abolished by occlusion of the main 
pulmonary artery (Text-fig.-1A) and increased by obstruction of the lung 
roots (Text-fig. 1B); in 40 of these the exact position of the receptor in 
the pulmonary artery was determined precisely after death of the animal 


| _ (Text-fig..1C). As is depicted in Text-fig. 2, the majority of receptors lay 


in the region of the main bifurcation of the pulmonary trunk or in the 


Tight or left branches. 


In a further four instances the discharge was increased by occlusion — 
of the main pulmonary artery, and in each case after the animal had been 
killed the receptor was located proximal to the ligature in the first part 
of the pulmonary trunk just beyond the attachment. of the valves. 
Otherwise the main trunk appeared to be devoid of receptors. To lessen 
any possibility that this was due to fibres being damaged by the occluding 
ligature, in thirty experiments the artery was occluded with the fingers. 

In regard to the innervation of the different parts of the pulmonary 
artery by the two vagal nerves, the left vagus supplied endings in both the 
right and left arterial branches but there was noevidence that right vagal 


fibres crossed over to supply endings in the left pulmonary artery. Of the 
38-2 
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20 receptors finally located precisely in the left pulmonary artery and round 
the attachment of the ligamentum arteriosum all the afferent fibres were in 
the left vagus. Of 20 endings found in the right pulmonary artery the 
afferent fibres were in the right vagus in 7 and in the left vagus in 13. 
(A further 8 receptors, innervated by afferent fibres in the right vagus, 
were stimulated by insertion of a probe into the right pulmonary artery 
‘after death of the animal, but impulse activity disappeared when the 
vessel was opened and their precise location was not determined. ) 


RV 


Text-fig. 2. The position of 44 pulmonary arterial baroreceptors from which action 
potentials had been recorded and whose location had been determined accurately - 
by punctate stimulation after the animals had been killed and the pulmonery.-~- 
artery dissected. The position of 33 receptors is indicated by closed circles; the 
remaining 11 receptors were situated in the solid black area near the attachment of 
the ligamentum arteriosum. The ascending aorta and the superior vena cava (SVC) 
near its junction with the right atrium which lie anterior to the right pulmonary 
_artery have been omitted for clarity. | 


: Histological findings 

The findings in the silver-impregnated sections will be described first. 
In two animals specimens were taken at random from the main pulmonary 
artery, the right branch and the left branch including the ligamentum 
arteriosum. In this randomly selected material no sensory endings of the 
type described below were found in either the main trunk or the left 
branch and ligamentum arteriosum. In the specimen of the right branch, 
however, no less than seven definite receptors were found. A typical 
example of one of these sensory endings is shown in PI. 1, fig. 1. A single 
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myelinated nerve fibre in the adventitia approaches the tunica media 
obliquely, terminating at the junction of media and adventitia as an 
irregular collection of fine coiled fibres embedded in connective tissue. 
Plate 1, fig. 2, illustrates a second nerve ending in the same specimen, 
lying more deeply within the tunica media, close to the intima. Each 
of the endings detected in the randomly selected material was supplied 
by a thick myelinated axon, and lay either at the junction of media and 
adventitia, or within the media. No obvious receptors were seen within 


the adventitia away from the media. 


Two specimens of the pulmonary artery were examined in which there 


-was electrophysiological evidence for the presence of a baroreceptor. One 


was from the right branch; the action potentials recorded in this experi- 
ment are depicted in Text-fig. 1. This specimen contained four distinct 
and separate nerve endings of the type already described. Two of these 


_ are illustrated ; one lies at the mid point of the media (PI. 1, fig. 3), the other 


at the junction of media and adventitia (Pl. 1, fig. 4). Both are obviously 
supplied by myelinated fibres. The other specimen, in which a receptor 
had been located physiologically, was from the main pulmonary trunk 
just distal to the valves; only one sensory nerve ending was asec 


histologically in this specimen. 


The specimens subjected to the histochemical method for ee renee 
revealed the presence of moderate amounts of specific and non-specific 
cholinesterase throughout the tunica media, in contrast to the connective 
tissue of the adventitia which was totally lacking in cholinesterase activity. 
Nerve fibres with a strongly positive cholinesterase activity were revealed 
in both media and adventitia, but only one possible example of a sensory 
ending was revealed by this method (Pl. 1, fig. 5). Here the diffuse 


_ precipitate of copper sulphide in the tunica media is visible, but there is 


a heavy concentration of precipitate over a small oval area within the 
media, indicating the presence of relatively large quantities of non-specific 
cholinesterase. The method does not permit accurate visualization of 


- details of the structure, but it appears to be composed of a compact group 


of coiled fibres, and a fibre can also be seen approaching from the tunica 
adventitia. The over-all appearance is strongly reminiscent of the receptors 
revealed by the silver technique. 

Many nerve fibres, other than those seen to terminate as specialized 
receptors, were observed in the silver-impregnated sections. Large bundles 


of fine non-myelinated fibres in the tunica adventitia could frequently be 


seen to follow the vasa vasorum passing into the tunica media, where 
fine non-myelinated fibres ran between the smooth-muscle fibres. Also 


present in the adventitia were occasional small groups of large ganglion 


cells lying within the bundles of non-myelinated fibres. Myelinated fibres 
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were, however, relatively few, as was confirmed by examination of the 
tissue fixed in osmium tetroxide. 


3 Nerve connexions of the pulmonary baroreceptors 
Text-figure 4 is a diagrammatic representation of the intrathoracic 
branches of the vagus nerves. It is based on our dissections in eight dogs 
and closely agrees with the description given by Mizeres (1955), whose 
terminology has been adopted in labelling Text-fig. 4. 


Text-fig. 3. Determination of connexions of pulmonary arterial baroreceptor. 
Action potentials recorded from slip dissected from right cervical vagus nerve. 
Recurrent cardiac nerve lifted from surrounding tissues and placed (intact) 
upon a cold-blocking device. The temperature of this device was then varied: 

_ A, 37° C; B, 9° C; C (a few seconds later), 9° C; D, 37° C. : 


In 10 out of 20 instances in which fibres from pulmonary arterial recep- 
tors were dissected from the left cervical vagus, impulses ceased when the 
ventromedial cervical cardiac nerve was blocked by cold, by the method 
described above and illustrated by the records depicted in Text-fig. 3. 
This nerve arises from the caudal cervical ganglion and adjacent vagal 
trunk. It receives additional filaments as it passes down between the 
brachiocephalic and left subclavian arteries to cross the ventral surface 
of the aortic arch and gain the pulmonary artery near the bifurcation. 

Impulses in the remaining 10 left vagal fibres were abolished by cooling 
either the left recurrent laryngeal nerve, the ventrolateral cervical cardiac 
nerve or fine unnamed filaments which for part of their course run with 
these two nerves. | 


Ten pulmonary arterial fibres dissected from the right vagus were — 
similarly investigated. Five were located in the recurrent cardiac nerve. — 
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This is formed at about the level of the caudal cervical] ganglion, receiving 
filaments from the ganglion, right recurrent laryngeal nerve and vagal 
trunk. It runs caudally and medially between the superior vena cava and 


V.-S.T. V.-S.T 


Text-fig. 4. Diagrammatic representation of the intrathoracic vagal. branches 
which carry fibres from baroreceptors in the pulmonary artery. The terminology 
of Mizeres (1955) has been used. V.-S.T., vago-sympathetic trunk; C.C.G., caudal 
cervical ganglion; 8.G., stellate ganglion; P.A., pulmonary artery; A, aorta. 
Branches of the vagal nerves: 1, recurrent laryngeal nerves; 2, right innominate 
nerve; 3, recurrent cardiac nerve; 4, vagal cardiac nerves; 5, ventromedial cervical 
cardiac nerve; 6, left innominate nerve; 7, dorsal cervical cardiac nerve; 8, ventro- 
lateral cervical cardiac nerve. A branch which runs between the recurrent cardiac 
nerve and the left recurrent laryngeal nerve behind the aortic arch has been 
omitted for clarity. The ascending aorta, which lies anterior to the right branch 
of the pulmonary artery and the right vagal branches 3 and 4, has been omitted. 
Only a few of the many filaments of these branches which innervate structures other 
than the pulmonary artery have been depicted. 


trachea, and sends branches to the right pulmonary artery. The remaining 


right vagal fibres passed behind the superior vena cava to the right 


pulmonary artery in the vagal cardiac nerves (usually 4 or 5 in number) 
which arise from the vagal trunk between the ansa subclavia and the level 
of the azygos vein. | : 
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Conduction in fibres from pulmonary arterial baroreceptors was blocked 
when the nerves were cooled to 8—10° C. 

The presence of pulmonary arterial fibres in the ventromedial and 
ventrolateral cervical cardiac nerves was also demonstrated by direct 
recording from these branches (see Methods). _ 

All vagal branches thus found to contain pulmonary arterial fibres 
carried, in addition, fibres from other sensory areas. For example, the 
ventromedial cervical cardiac nerve contained many aortic baroreceptor 
fibres ; similarly, aortic baroreceptor, atrial, chemoreceptor and pulmonary 
stretch fibres were variously identified in the other branches. 


Are there baroreceptors in the ductus arteriosus ? 


Endings of the baroreceptor type have been described histologically in 
the ductus of the new-born animal (Nonidez, 1935; Boyd, 1941). It was 
therefore of interest to find that 25°% of the receptors located accurately 
in adult dogs were concentrated in the first part of the left pulmonary 
artery round the attachment of the ligamentum arteriosum (Text-fig. 2). 
In one instance a receptor was located in a small dimple on the endothelial 
surface of the pulmonary artery at the proximal end of the ligament. 
A high-frequency discharge was produced by inserting a fine probe into 
the dimple or by gently pulling on the ligament. 

Consequently an attempt was made to obtain electrophysiological 
evidence of endings in the ductus by recording from slips of the left 


cervical vagus in new-born piglets and puppies. To aid identification of — 


receptors, additional ligatures were placed round the ascending and 
descending aorta. It seemed likely that any receptors in the ductus 
would be subject not only to pressure changes in the ductus itself if the 
jumen were patent, but also to traction on the ductus due to pulsation of 
both the pulmonary artery and aorta. A search was therefore made for 
receptors with a cardiac rhythm from which a continuous discharge could 
be elicited by mechanical stimulation of the ductus. 

Many receptors were found which could be stimulated by probing the 
' ductus in the living animal. In some of these, however, occlusion in turn 
_ of different vessels produced such a complex sequence of alterations in 
impulse activity that location to one vessel in the living animal proved 
impossible, and detailed location after death was not attempted. 

Even though a continuous discharge could be elicited by probing the 
ductus, all such receptors which were located accurately after the animal 
had been killed and the vessels dissected were found to be situated, not in 
the ductus itself, but in adjacent parts of the pulmonary artery and aorta. 
This is illustrated by the records shown in Text-fig. 5; there were at least 
three active fibres in this slip dissected from the left aortic nerve of a 
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puppy. In A, gentle pressure with a fine probe on the ductus produced 
a continuous discharge in all three fibres. Nevertheless, the alterations 
in impulse activity following occlusion of the pulmonary artery (B, C) 
and lung roots (D) suggested that the receptors were probably in the pul- 
monary artery. Finally, after the animal had been killed the endings of all 
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D 
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Toxt-fig. 5. Action potentials recorded from left aortic nerve in a puppy. There are 
three fibres showing a cardiovascular discharge in this slip. A, pressure with a | 
fine probe on the ductus arteriosus (between 1 and 2). B,C, occlusion (1) and release 
(2) of origin of main pulmonary artery (interval of approximately 4 sec between 
B and C); the brief continuous discharge (smallest spikes) at the beginning of 
occlusion was probably caused by traction on the pulmonary artery. D, occlusion 
of lung roots (1); note increase in tracheal pressure during occlusion. 


three fibres were located in the pulmonary arterial wall adjacent to the 
attachment of the ductus. Similarly, in other experiments, receptors 
which had been stimulated by gently probing the ductus were finally 
located in the concavity of the aortic arch to the right of the ductus. 
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In addition to the pulmonary arterial and aortic baroreceptor fibres 
already mentioned, impulses were also recorded from chemoreceptor, 
atrial and pulmonary stretch fibres in both puppies and piglets. 


DISCUSSION 


A number of workers have described branched sensory endings of the 
baroreceptor type in the extrapulmonary parts of the pulmonary artery 
of various species (Larsell & Dow, 1933; Takino, 1933; Takino & Watanabe, 
1937; Nonidez, 1941; Boyd, 1941; Bianconi & Green, 1959). The present 
investigation has provided further histological evidence of such receptors 
in the dog; all the endings found appeared to be morphologically similar 
and took the form of an area of connective tissue occupied by fine branching 
coiled nerve fibres compactly arranged. The endings were always in contact 
with or buried within the tunica media; no receptors were recognized in 
the adventitia away from the media. 

Although there is considerable divergence of opinion as to how widely 
these receptors are distributed in the pulmonary arteries beyond the 
bifurcation, most authors agree that the main trunk contains few if any 
receptors (see Coleridge & Kidd, 1960). Certainly the general impression 
gained from the present histological examination in the dog was that there 
were very few endings within the main trunk, many more in the extra- 
pulmonary branches. This lack of uniformity in their distribution was 
more clearly revealed when the number of endings found was related to 
actual areas of vessel wall examined histologically. Thus, in 112 mm? of 
the main trunk only one ending (previously located near the pulmonary 
valves by electrophysiological means) was discovered, whereas in only 
71 mm? of the right branch eleven endings were seen. 

If this histological evidence is taken in conjunction with the electro- 
physiological findings it now seems reasonably certain that, apart from some 
endings near the pulmonary valves, the main trunk is devoid of receptors. 
Also, apart from a group of endings near the ligamentum arteriosum, 
_ the left branch appears to be more sparsely innervated than the right. 

This distribution must be taken into account in the design of experiments 
to elucidate the functional significance of the pulmonary arterial baro- 
receptors. Also of interest in this connexion was the observation that half 
the pulmonary arterial baroreceptor fibres were concentrated, for part 
of their course, in just two branches of the vagus nerves, the ventromedial 
cervical cardiac nerve on the left and the recurrent cardiac nerve on the 
right. However, these branches also carried fibres from other sensory 
areas, which precluded electrical stimulation of these nerves as a means of 
determining function. 


Our finding that both vagus nerves supply receptors in the right 
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pulmonary artery, whereas the left artery (including the arterial wall 
adjacent to the ligamentum arteriosum) is supplied only by the left vagus, 
is in agreement with previous evidence. Bianconi & Green (1959) recorded 
impulse activity in pulmonary baroreceptor fibres in the cat, and located 
the endings by mechanical stimulation. Their observations were confined 
to the right vagus, and while endings were found in the right artery and 
near the bifurcation none were located in the main trunk or left branch. 
On the other hand there is good anatomical evidence that the endings 
demonstrated histologically in the ductus arteriosus and adjacent left 
pulmonary artery of the new-born animal are innervated solely by the 
left vagus and aortic nerves (Takino & Watanabe, 1937; Boyd, 1941; 
Nonidez, 1941). 

Although the left vagus. and left aortic nerve in piglets and puppies 
contained fibres which were activated by traction on the ductus arteriosus, 
the endings proved in most cases to be within the aorta or pulmonary 
artery, and there were no instances in which we were able to obtain un- 
equivocal electrophysiological evidence of endings within the ductus 
itself. Nevertheless, the histological findings of Takino & Watanabe (1937), 
Boyd (1941) and Nonidez (1935, 1941) clearly indicate the presence of 
endings in the ductus arteriosus. 


SUMMARY 


1. Electrophysiological and histological techniques have been employed 
in anaesthetized dogs to investigate the distribution and histological 
appearance of baroreceptors in the pulmonary artery. 

2. Impulses were recorded from pulmonary baroreceptor fibres dissected 
from slips of the cervical vagus, and the exact position of the receptors. 
was determined immediately after death by stimulation with a probe. 

3. Histological examination of portions of tissue in which receptors. 
had been located showed sensory endings in, or in contact with, the media. 
These took the form of fine branching coiled nerve fibres compactly arranged 
within an area of connective tissue, and were supplied by thick myelinated 
nerve fibres. Similar endings were found in specimens taken at random 
from the pulmonary artery. 

4. The majority of endings were situated i in the right pulmonary artery 
or in the left branch near the ligamentum arteriosum. Apart from a few 
endings near the pulmonary valves, the main pulmonary trunk was devoid 
of receptors. 

5. The intrathoracic branches of. the vagus which carry pulmonary 


_ baroreceptor fibres were determined by cooling the vagal branches near 


the heart. Half the fibres examined reached the right and left vagi via 
the recurrent cardiac and ventromedial cervical cardiac nerve respectively. 
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6. Observations in the adult dog suggested that baroreceptors might 
also be present in the ductus arteriosus, but attempts to confirm this 
by recording afferent impulses in new-born piglets and puppies were 
inconclusive. 


We wish to thank Mrs Barbara James and Mr E. 8. Stainthorpe for technical assistance, 
and Mr R. Adkin, A.1.8.T., for assistance in the preparation of the histological material. 
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EXPLANATION OF PLATE 


Fig. 1. Nerve ending in randomly selected material from right branch of pulmonary artery. 
A myelinated fibre approaches the tunica media (above) obliquely within the adventitia, 
terminating in a sensory ending at the junction of media and adventitia. Holmes’s silver. 


Fig. 2, Another nerve ending from the same specimen, lying within the inner part of the 
tunica media, Holmes’s silver. 


Figs. 3, 4. Two endings in a specimen of the right branch of the pulmonary artery. Electro- 
physiological evidence of a receptor in this specimen had previously been obtained (Text- 
fig. 1). Holmes’s silver. 

Fig. 5. Portion of tunica media showing diffuse positive reaction for non-specific cholin- 
esterase. This contains a small area in which the reaction is strongly positive, revealing a 


structure similar to those displayed by the silver technique. Modified Hoalle —— 
for non-specific cholinesterase. 
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TISSUE CHANGES ACCOMPANYING ACCLIMATIZATION 
TO LOW ATMOSPHERIC OXYGEN IN THE RAT > 


By MARJORIE W. DUCKWORTH 


From the Department of Physiology, Royal Free Hospital . 
School of Medicine, London, W.C.1 


(Received 16 December 1960) 


Many of the circulatory and respiratory alterations which occur during 
acclimatization to low pressure of inspired oxygen are well established 
' (Stickney & Van Liere, 1953). It has often been assumed that in the ac- 
climatized state there is no alteration in the oxygen consumption of the 
- whole body at rest and therefore no justification for anticipating changes 
in the oxygen consumption of isolated tissues. However, Hill (1959) has 
pointed out that many experimental reports would indicate that total 
oxygen consumption might be altered during the process of acclimatization. 

There is no agreement between the few investigations into the oxygen 
consumption of isolated tissues taken from acclimatized rats. This may 
be due to the different techniques used to produce the acclimatized state 
or to the wide variety of tissues, substrates and oxygen levels used in the 
subsequent in vitro determinations, or to a combination of these and other 
factors. 

Once the importance of the increase in circulating haemoglobin had been 

established by many early workers in this field, investigations followed 
_ into the role of other iron-containing respiratory pigments, i.e. myoglobin 
and the cytochromes. While there is general agreement concerning the 
changes in myoglobin levels, there still remains some question concerning 

the cytochrome c changes. 
It was therefore of interest to measure both the oxygen consumption 
and cytochrome ¢ concentration in tissues isolated from animals acclima- 
_ tized for long periods to hypoxic conditions. A preliminary report of these 
experiments has been published (Duckworth, 1960). 


METHODS 


Wistar rats of approximately 50g wt. were obtained from the Agricultural Research 
Station, Compton. They were divided into groups of the same sex. Each group consisted of 
equal numbers of control and test animals. The control animals were kept under normal 
laboratory conditions. The test animals were acclimatized to hypoxia by being kept in an 
atmosphere of lower O, content than atmospheric air. 
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The apparatus used is shown in Fig. 1. The oxygen content of the rat chamber was reduced 
by passing nitrogen through it until the required oxygen content was reached. Thereafter 
the oxygen level was kept constant by oxygen inflow through a water valve of the Miiller 
type. This valve admitted oxygen as the total pressure inside the box fell, owing to absorp- 
tion of the expired carbon dioxide by the ‘Protosorb’ (4-8 mesh; Siebe Gorman Ltd.) con- 
tained in a mesh cage in front of an electric fan. This fan ensured adequate circulation of 
the gas mixture inside the box. The oxygen was supplied to the Miiller valve from a storage 
cylinder of high-purity oxygen, via a rotameter and a thin rubber storage bag; the bag was 
kept filled by adjustment of the oxygen inflow to a rate which was dependent upon the size 
and number of rats in the chamber. 


Water seal 
iP 
Rubber 
bag 
Rat chamber i 
lak 
| Rotameter 
Miller valve 


Fig. 1. Diagram of the apparatus for acclimatizing rats to low oxygen tension. 
F fan ; P ‘Protosorb’. 


Groups of up to twenty rats were kept in this apparatus for an average of 6 months (range 
from 10 weeks to 10 months). At the start of each series the oxygen content was first 
reduced rapidly to 14 % (v/v) and then reduced slowly during the first week until the re- 


quired level of 9-10 % oxygen was reached. The box was opened not more than once a 
day for cleaning and restocking with food (Diet 41, Bruce & Parkes, 1949), water and ~ 


*Protosorb’. 

_ Analysis of gases in the box was carried out twice daily in the Haldane apparatus. A record 
of the mean daily oxygen level for the first series is shown in Fig. 2. There is a fluctuation 
of the oxygen content due to impurities in the supplied oxygen and to variations in pressure 
within the box as a result of temperature changes. 

Blood analysis. At the end of the period of acclimatization blood was obtained from the 
tail either by cutting the tip or directly from a tail vein into a heparinized syringe. Haemo- 
globin was estimated in the Haldane haemoglobi ter (100% = 14:8 g Hb/100 ml.). 
The packed cell volume was measured by centrifuging at 3000 rev/min for 30 min in micro- 
haematocrit tubes. These blood analyses were carried out both on the acclimatized rat and 
its control. 

Tissue respiration. An acclimatized rat and its control were weighed ; during subsequent 
procedures both animals were subjected to identical treatment in a paired experiment. 
Rats were killed by decapitation; the diaphragm was dissected out whole and bisected along 
the line of the central tendon. After trimming off the connective tissue, each hemidia- 
phragm was either used whole, or cut into two approximately equal pieces at right angles 
to its long axis. Excess fluid was removed by gently dabbing with filter paper and then each 
piece was accurately weighed on a torsion balance. The oxygen uptake of each piece was 
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measured simultaneously during incubation for 1} hr at 38°C by the standard Warburg 
technique, in 1-6 ml. phosphate buffer (Kerly & Ottaway, 1954), to which 0-02 m lactate 
as sodium lactate was added. The gas phase was varied from 100 % oxygen to 2 % oxygen in 
nitrogen in different experiments. Results were expressed as qo, = pl. O,/mg wet wt./hr. 
Tissue weights. At the end of some of the Warburg oxperiments the diaphragm slips were 
removed from the flasks, homogvnized and dried to constant weight on sand at 90° C. 
Cytochrome c. At the end of other Warburg experiments the diaphragm slips were used 


for the estimation of oT ce by the spectrophotometric method of Rosenthal & 
Drabkin (1943). 


20 


15 


% oxygen in chamber 


25 50 75 
Time (days) 


Fig. 2. Mean daily oxygen content of the gas mixture inside the low-oxygen 
chamber; series A. 


RESULTS 


Blood analysis. The results showed the expected rise in haemoglobin 
from the control value of 100-3% (s.u.+2-9), = 14:8g haemoglobin/ 
100 ml. blood, to 154:3°% (s.e.+10-7), = 223g haemoglobin/100 ml. 
blood, in the acclimatized rats (P = < 0-001). Packed cell volume rose 
from 45:4% (s.m.+2-1) to 59-9% (s.e.+5-2) during acclimatization, 


10 weeks—10 months (P = < 0-001). 


Tissue respiration. In every experiment, at all levels of oxygen studied 
in vitro the qo, was lower in the diaphragm from the acclimatized rat than 
in its control, measured under identical conditions at the same time. 
Table 1 shows the mean qo, values for the test and control group at each 
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oxygen level. It can be seen that the mean qo, is lower in the acclimatized 
group than in the controls at all the oxygen concentrations tested. The 
difference between these means is only statistically significant (Student's 

t test) at 12, 10 and 5% oxygen. In two groups, those at 100 and 5% 0,, 
where the number of experiments allowed for such statistical treatment, 

the mean of the difference between the qo, of the test and control tissue 
in each experiment was significantly different from zero (P = < 0-001 
at 100% 0,; P = < 0-001 at 5% O,). 


TaBLE 1. The oxygen consumption of diaphragm muscle from control and acclimatized 
rats. The number of observations is given in brackets. The value of P refers to the difference 
between the means 

| O, consumption (1. O,/mg wet wt./hr) 


In vitro 


O, content Control Acclimatized 
(% v/v) Mean +38.E. Mean +8.E. 
100 1-338 + 0-218 (6) 1-150 + 0-208 (6) > 01 
21. 0-640 + 0-144 (3) 0-566 + 0-110 (3) > 0-5 
14 0-450 (1) 0-404 (1) 
12 0-350 + 0-007 (3) 0-297 + 0-015 (3) < 0:05 
10 0-294 + 0-015 (3) 0-245 + 0-017 (3) < 0-05 
5 0-298 + 0-024 (7) 0-249 + 0-032 (7) < 0-001 
3-3 0-257 (1) 0-184 (1) 
2°3 0-181+0-017 (2) | 0-146 + 0-004 (2) > 0-2 


TABLE 2. Cytochrome c content of the diaphragm muscle from the control and acclimatized 
rats, estimated by the method of Rosenthal & Drabkin (1943). The number of observations 
is given in brackets 


Cytochrome c (ug/g wet wt.) 

Control Acclimatized 
.Mean 122-2 (11) 89-3 (14) 
S.E. 17-0 16-4 
< 0-001 


Dry weights. The wet weights of the diaphragm slips used in each 
Warburg experiment have been added together. These values do not 
represent the total weight of the organ, since the crura and central tendon 
were discarded. The mean wet weight of the diaphragms from the control 
rats was 235-1 mg (S.B.+ 12-1) and that of the diaphragms from the 
acclimatized rats was 234-3 mg (s.z.+ 21-7). Corresponding dry weights 
were 55-0 mg (s.E.+ 8-8) in the controls and 55-1 mg (s.z.+9-6) in the 
acclimatized rats. These differences are not significant. The wet:dry wt. 
ratios were 4:27:1-0 in the controls and 4-25:1-0 in the experimental 
animals. 

_ Cytochrome c. Table 2 shows the results of the cytochrome c estimations 
in eleven paired experiments and in three acclimatized rats which were 
investigated immediately, following accidental death. There is a wide 
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variation in these results although the differences between the mean values 
is statistically significant (P = < 0-001). It must be pointed out that these 
estimations have been made on tissues previously siti tt to .2 hr 
incubation in the — apparatus. 


DISCUSSION 


These findings show that in rats acclimatized to these hypoxic conditions 
there is an adaptation at the cellular level in resting diaphragm muscle, 
resulting in a lowered consumption of oxygen over a wide range of oxygen 
pressures in vitro. This change is probably not due to an increase in those 
tissue elements with a lower respiration rate than muscle cells since histo- 
logical investigation showed no apparent changes in the proportion of 
muscle and connective-tissue elements. It is probable that only the sur- 
face cells of the diaphragm slips are taking up oxygen, for Creese, Scholes 
& Whalen (1958) showed by a study of the normal resting potentials that 
oxygen diffusion was only adequate in the superficial layers of the isolated 
diaphragm. Since it was consistently seen on naked-eye observation that 
the surface area of the diaphragms from the acclimatized rats was greater 
than that from the controls, with no change in the mean total weights of the 
organ, the observed lowering of the oxygen uptake per unit weight could 
not be explained either by a decrease in the number of cells taking part in the 
respiration in vitro; nor by a change in the water content of the tissue. 
Possibly when the whole animal is:subjected to hypoxia the tissue oxygen 
pressure is lower than normal, in spite of the circulatory and respiratory 
changes which have taken place. It seemed important to measure the 
oxygen consumption in vitro at the same pO, as-would have been en- 
countered in vivo. For this reason a wide range of O, concentration levels 
was used in vitro, from 2 to 100%, with particular emphasis on the lower 


Tange. 


It is of interest that in investigations into specific enzyme systems in 
tissues isolated from acclimatized rats and mice, Udalov (1956) and Kos- 
molinskii (1956) showed a decrease in the activity of succinic dehydro- 
genase and cytochrome oxidase, the degree and trend of these changes 
depending on the length of time and severity of the exposure. Tappan, 
Baltazar, Potter & Hurtado (1957) also concluded that some alterations 
occurred at some stage in the succinoxidase system in tissues from guinea- 
pigs reared at 14,000 ft. (4266 m), but that all components of complex 
enzyme systems were not influenced equally by the adaptation process. 
Their results for diaphragm showed a fall in oxidase activity. Ullrick, 
Whitehorn, Brennan & Krone (1956) measured the oxygen consumption 


of many tissues taken from rats acclimatized for an average of eleven 
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weeks to 18,000 ft. (5486 m) and reported no alteration in heart, brain, | 


small intestine, liver, skeletal muscle and diaphragm at 100, 21 and 2% O, 
in vitro, metabolizing glucose; although the adrenal qo, was elevated and 
that of the kidney depressed, It is possible that the present results, which 
differ from those of Ullrick et al., are a reflexion either of the longer periods 
allowed for acclimatization, or of the differences in the substrate and 
range of pO, levels used in the in vitro determinations. These authors 
pointed out that their inability to show a change in oxygen consumption 
might be attributed to the range of O, levels used, since these levels did 
not cover the range to which the tissues were exposed in vivo. Figure 3 
relates the mean qo, values in the present experiments to the pO, in the 
gas phase with which the isolated diaphragms were in contact. The 


measurements of oxygen uptake of these tissues from both the control — 


and acclimatized rats were made at the same time under identical con- 
ditions, utilizing 0-02 m lactate as substrate at 38-0° C, with the Warburg 


technique. It can be seen that there is an S-shaped curve relating the 


oxygen uptake to pO, in both groups of animals. The oxygen uptake is 
independent of changes in pO, over the range between 5 9% O, and 12% O, 
in the gas phase in vitro. The curve for the oxygen uptake of the dia- 
phragms from the acclimatized rats is shifted to the right in comparison 
with the control group, indicating a reduced consumption of O, at any 
given pO,. The range of tissue pO, in vivo in the acclimatized rat is not 
known, but it is in all probability lower than that in the control rat. There 
is a statistically significant reduction in the mean qo, values in the ac- 
climatized rats in comparison with the control rats at the lower pO, levels. 

The reduction in the rate of oxygen consumption in the diaphragm 
during acclimatization could be brought about either by a direct effect 
of the lowered pO, on the cells, or by hormonal mechanisms, or by a com- 
bination of both effects. There is no direct experimental evidence of altera-, 
tions in hormonal activity in this work, but other workers have shown that 
thyroid activity is reduced in hypoxia (Barach, Eckman & Molomut, 
1941; Van Middlesworth & Berry, 1951) and it has been suggested by 
Drabkin (19506) that the thyroid influences tissue respiration by control- 
ling the level of cytochrome c in the tissues. Drabkin showed that in- 
creased’ activity of the thyroid caused a rise in the concentration of 
cytochrome c in regenerating liver of the rat, while hypothyroidism 
resulted in a decrease in this concentration. The cytochrome c concentra- 
tion is directly proportional to the oxidase activity, as shown by Drabkin 


(1950) in many tissues of the rat, and he considered that the cytochrome c 
might be the limiting factor. | 


Drabkin (1947) investigated the effects of short exposures (11 days) — 


to hypoxia but could find no change in the cytochrome c concentration in 
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regenerating liver of rats. However, Vest & Wang (1950) reported a 
marked decrease in the concentration of cytochrome c in skeletal muscle 
of rats and guinea-pigs acclimatized for 35-52 days in air at 320 mm Hg, 


these changes being reversed a month after return to normal sea-level 


pressures. The results for rat skeletal muscle showed a fall in cytochrome c 
from 11-3 to 5-5 mg/100 g, which is a larger fall than that reported in this 
work for the diaphragm from 12-2 to 8-9 mg/100 g. Vest & Wang considered 
this decrease might have been brought about by reduced thyroid activity. 
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% oxygen in vitro } 
Fig. 3. The relationship between the mean oxygen uptake and the oxygen con- 


tent of the gas phase in vitro, of the isolated diaphragms from control rats ( x ) and 
acclimatized rats (O). Vertical bars indicate s.z. of the mean. ; 


If the results reported here for the rat diaphragm are considered to be 
part of a generalized tissue response to hypoxia, it is possible that the 
process of acclimatization involves changes at the cellular level resulting 
in a lowered requirement for oxygen by the whole animal and hence a 
greater chance of its survival under these conditions. 


SUMMARY 


1. Rats were acclimatized to low oxygen contents (9-10%) in the 
inspired air for from 10 weeks to 10 months, at normal atmospheric 
pressure. Control rats were kept under normal laboratory conditions. 

2. Mean haemoglobin values rose from an average of 14-8 g/100 ml. in 
the controls to 22-8 g/100 ml. in the acclimatized rats. Haematocrit 


values rose from 45-4 to 59-9 % red cells. 
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3. The O, consumption of the isolated resting diaphragms was estimated 
by the Warburg technique under identical conditions in paired experi- 
ments, using lactate as substrate at eight different O, levels in the gas 
phase in vitro. At all pO, the mean qo, value was lower in the muscle from 
the acclimatized rat than in that from the control rat. 

4. The mean cytochrome c content of the diaphragms was reduced 
from 122-2 to 89-3 ug/g wet wt. in the acclimatized rats. 

5. There was no alteration in the water content of the diaphragm 
during acclimatization. 


The author wishes to express her gratitude to the late Professor E. M. Killick for her 
constant help during her supervision of this work. Mr P. Humphrey, Miss B. Lewers and 
Mr E. G. Roberts provided valuable technical assistance at various stages of this investiga- 
tion. The findings reported here have been submitted to the University of London as part 
of the requirements for the degree of Ph.D. 
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A GROUP OF NEURONES IN THE DORSAL HORN 
ASSOCIATED WITH CUTANEOUS MECHANORECEPTORS 


By CHRISTINE J. ARMETT*, J. A. B. GRAY anp J. F. PALMER+ 
From the Department of Physiology, University College London 
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Slow potential changes, resulting from stimulation of cutaneous and 
muscle afferent nerve fibres, can be recorded from spinal cords extracel- 
lularly through glass capillary micro-electrodes (Eccles, Fatt, Landgren & 
Winsbury, 1954; Coombs, Curtis & Landgren, 1956; Fernandez de Molina 
& Gray, 1957; Bravo & Fernandez de Molina, 1960). These potentials are | 
a resultant of the activity of all the cells in the neighbourhood of the 
electrode tip and may be termed mass responses. Fernandez de Molina & 
Gray (1957) recognized three phases of the mass response produced on | 
electrical stimulation of the sural and the saphenous nerves in the cat, 
each phase having a characteristic time course and distribution in the 
cord. Analysis of their properties led the authors to attribute all the 


_ phases to activity in post-synaptic elements and to suggest that syn- 


chronous synaptic potentials made a major contribution. 

The experiments described in the present paper were done on cats. The 
activity of single spinal units, which could be excited both by electrical 
stimulation of the medial plantar nerve and by mechanical stimulation of — 
the foot, was recorded through micro-electrodes; when electrical stimula- 
tion was used the impulses were seen superimposed on the mass response. 
The properties of spinal interneurones have been studied by several workers 
using intracellular micro-electrodes; under such conditions certain pro- 
perties of the impaled cell may be accurately determined (Woodbury & 
Patton, 1952; Frank & Fuortes, 1955, 1956; Haapanan, Kolmodin & 
Skoglund, 1958; Hunt & Kuno, 1959a, 6). In the present experiments the 
activity of the individual cell was superimposed on a potential change 
which reflected the electrical activity of a whole population of cells; it was 
therefore possible to relate the discharge of a single unit to the activity of 
the total population and to analyse the properties of groups of cells from 
consideration of both single unit recordings and mass responses. This 


_ work was done during the course of an investigation into the interaction 


* Present address: Dept. of Pharmacology, Albert Einstein College of Medicine, Yeshiva 
University, Eastchester Road and Morris Park Avenue, New York 61, N.Y., U.S.A. 
+ Present address: Dept. of Physiology, University College of the West Indies, Jamaica. 
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of primary signals at synaptic levels in the cord and consequently activity 


analysis. The purpose of the analysis was to begin the specification of inter- 
neurones, particularly second-order neurones, associated with mechano- 
receptors in the pad. The work deals with the input to the interneurones 
studied and the properties of their discharge, but does not take into 
account the destination of their axons. More information on the latter 
aspect of the problem has been obtained by Dr R. M. Eccles. 

A preliminary account has appeared elsewhere (Armett, Gray & Palmer, 
1958). 


METHODS 


Most experiments were performed on cats anaesthetized with chloralose (0-05 g/kg) and 
urethane (0-5 g/kg), injected intravenously after induction with ethyl chloride and ether. 
In a few experiments the dissection was done under sodium pentathone anaesthesia, after 
which the animal was decerebrated and the anaesthetic allowed to wear off. The spinal 
cord was exposed from §1 to L5 and divided in the thorax; the dura was also divided in 
order to reduce the movements of the cord due to respiratory activity. The medial plantar 
nerve was exposed for electrical stimulation but was not divided. The preparation was then 
mounted rigidly in the manner described by Fernandez de Molina & Gray (1957). The spinal 
cord was protected by a paraffin pool. The medial plantar nerve was placed over a pair of 
platinum electrodes; the nerve and electrodes were buried in paraffin wax (m,p. 39° C). 
Pulses of about 100 usec duration from a low impedance source were applied to the nerve 
through the platinum electrodes. 

The spinal cord potentials were recorded eeeals glass capillary micro-electrodes of tip 
diameter ca. 1-0 y filled with NaCl solution 10 g/100 ml, Electrodes of resistance greater 
than 5 MQ were rejected. During an experiment the electrode was held in position by a 
manipulator; this was graduated along three axes the angles between which were variable ; 
adjustments to about 50, were thus effected. There was also a fine downward movement 
operated on a hydraulic principle and this could provide movements down to the order of 
ly. The electrode was connected to a high-impedance recording system by means of a 
Ag-AgCl contact. The indifferent electrode, a Ag-AgCl-NaCl (in agar, and cotton wool) 
system, was inserted between the skin and the back muscles of the cat and connected to 
the other side of the recording system. The animal and the holding frame were earthed 
independently. The potentials were amplified with an instrument of suitable band-width, 
and displayed on one beam of a cathode-ray oscilloscope. 

In some experiments the dorsal root volley was recorded. A filament of the dorsal root 
was cut as near to the spinal cord as possible and its peripheral end placed over a pair of 
platinum electrodes; the potentials were amplified and displayed on the second beam of the 
oscilloscope. 

Procedure. Those segments of the spinal cord activated by devuieal stimulation of the 
medial plantar nerve were located in the manner described by Fernandez de Molina & 
Gray (1957). The afferent volley was recorded at points along the length of the cord through 
a micro-electrode placed over the dorsal root entry zone, and the region of the cord opposite 
the rootlet that gave the maximum evoked response was judged to be that containing most 
activity. Two distinct elevations were usually seen in the primary fibre potentials but the 
maxima were found within 2 mm of each other. The pia was opened in the active region and 
the micro-electrode lowered on to the mid line of the cord. The co-ordinates were noted and 
tracks were then made into the cord at intervals not less than 0-1 mm apart in both head- 
to-tail and — to-side axis. In each track a record of the mass a was taken routinely 


was recorded from only about 150 units, of which 75 were suitable for 
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(a) 1 mm below the surface of the cord, (b) as near as possible to the position of maximum 
amplitude of the main early response (phase II in the terminology of Fernandez de Molina & 
Gray (1957)), and (c) at the point where the sign of the phase II potential reversed. The 
co-ordinates of these points and of any single unit investigated were recorded. At the end of 
a series, the electrode was left in the cord and the positions of the units were identified by 
the histological techniques described in a previous paper (Fernandez de Molina & Gray, 
1957). 


RESULTS 
General 


The mass responses recorded through micro-electrodes in the dorsal 
horn on stimulation of the medial plantar nerve were similar to those 
described by Coombs et al. (1956) and Fernandez de Molina & Gray (1957). 
The main early response (phase II in the terminology of Fernandez de 
” Molina & Gray) had a maximum in a position medial to that of the equiva- 
lent potential on sural stimulation; the small early phase I was not 
investigated. 

Fernandez de Molina & Gray concluded that the phase II potential was 
the mass response of a population of neurones, at least some of which were 
monosynaptically connected with the lowest-threshold afferent fibres 
from the skin. Since the primary object of the present experiments was 
to find units in the spinal cord that were second-order to mechanoreceptors 
in the pad, the region searched was that in which the main early phase 
(phase IT) of the mass response was large. The units considered are there- 
fore not, and were not intended to be, a random sample of interneurones 
_ with cutaneous connexions. However, all units which were found in this 
region and which could be excited both by electrical stimulation of the 
medial plantar nerve and by mechanical stimulation of the foot are in- 
cluded in the analysis. | 

The activity of the single units was seen as a spike discharge super- 
imposed on a mass response (Fig. 1). The latency of the peak of the first 
impulse of the discharge was measured from the negative peak of the 
incoming volley, and the values obtained in the anaesthetized preparations 
have been plotted as a frequency histogram in Fig. 2. The histogram 
shows two peaks, at 1 and at 3 msec, and a dip at about 2 msec. In certain 
experiments recordings were made from a dorsal rootlet (Fig. 1 top beam) 
and the area of the primary fibre volley could then be used as a measure 
of the threshold for a response from the unit. The relation between the 
area of the incoming volley at threshold and the latency of the first impulse 
(measured under suprathreshold conditions) is shown for 25 units in Fig. 3. 
The units in the earlier hump of the latency distribution (Fig. 2), that is 
units with a latency less than 2 msec, all had low thresholds (see Fig. 1 a). 
The other units, with one exception, had higher thresholds. The units 
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Fig. 1. Effect of increasing the strength of stimulus applied to the medial plantar 
nerve on the response of a single unit in the dorsal horn. Upper beam, record 
from dorsal rootlet; lower beam, record from unit in the grey matter. a-e, effect 
of increasing stimulus strength on a unit responding at a short latency. f-k, a 
comparable set of records for a unit responding at a longer latency. Negative 


deflexions in this and all subsequent records are upwards. The horizontal bar 
represents 10 msec. 
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with low thresholds and short latencies appear to form some sort of a 
group and their properties are considered in the next section. 


Short-latency units 


The mean value of the latency of these units in anaesthetized animals 
was 1-1 msec (standard deviation 0-34 msec, number 35). A few units 
were isolated in decerebrate animals and these had siynificantly shorter 
latencies (mean 0-76 msec, S.D. 0:22 msec, number 10). 


16 


14 


08 16 24 32 40 48 56 64 
Latency (msec) 
Fig. 2. Frequency distribution of latency of all units isolated from anaesthetized 
animals and analysed, Latency (msec) from negative peak of incoming volley 
to the peak of the first impulse, with stimulus strength much greater than threshold. 


All the units in this group, unlike the remainder, were recorded from 
positions at which the main early phase (phase II) of the mass response 
was negative. There was in fact a close relation between the distribution 
of the short-latency units and the peak of the early phase of the mass . 
response. This was shown quantitatively in some experiments. The distance 
of the units from the point on the track where the early phase reversed 
was measured along a dorsoventral line; also in each track the peak of this 
early mass response was related to the reversal point. The mean position 
of the units was 0:73 mm dorsal to the reversal point and they were 
scattered with a standard deviation of 0:25 mm (number of observations 
14). The position of the peak was in the mean 0-59 mm (8.D. 0-23 mm, 
number 15) dorsal to the reversal point. The anatomical positions of some 
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of the units in the short-latency group are shown as full circles in Fig. 4. 
These positions were determined by a co-ordinate method and the points 
have been transferred to an equivalent position on one diagram. The 
method is liable to error for individual points, but is likely to give a 
satisfactory picture of the general distribution. 
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Latency (msec) 
Fig. 3. Latency and threshold scatter diagram. Ordinate, area of the dorsal 
root volley at threshold, given as a percentage of the maximal area; abscissa, 
latency. | ; 
A repetitive discharge usually resulted from a single stimulus (Fig. 1a-e). 
A frequency distribution of the latencies of all the impulses in the responses 
to single maximal shocks of all the units was constructed. This temporal 
distribution of impulse activity was found to be consistent with the time 
course of the mass response. It showed a break at approximately 3 msec, 
which is about the time that the later (phase ITI) part of the mass response 
breaks the continuity of the falling phase of the earlier part. A break in the 
sequence of the impulse discharge from individual units has been seen 
quite frequently; for example, in Fig. lc-e the interval between the 
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second and third impulses is longer than either the preceding or succeeding 
intervals. Figure 5 illustrates a particularly clear example of this and 
shows how regular the gap is for a particular unit. Figure 5a shows the 
pattern of discharge in response to ten different electrical stimuli of 
approximately equal strength. This pattern is analysed in Fig. 56, in 
which the preceding interspike interval is plotted against the total time 
to the spike from the incoming volley in the primary receptor fibres. The 
third spike ( x ) occurred consistently at an interval which was appreciably 


Fig. 4. Diagram of a transverse section of the spinal cord at the level of L6, to show 
the distribution of the units in the dorsal horn. @ short-latency units; O, long- 
latency units. Points have been found by a co-ordinate method and then trans- 
posed to corresponding positions on this standard diagram of the cord; the 
positions of individual points should therefore be regarded with reserve. Hori- 
zontal bar represents 0:5 mm. ° 


longer than the preceding interval and, in about half the trials, longer 
than subsequent intervals. In this particular experiment there seemed to 
be a high probability of a fourth (@) or fifth spike (1) occurring at about 
8 msec. Figure 5 may be compared with certain figures shown by Hunt & 
Kuno (1959). ne precise timing and significance of these irregularities 
in the discharge pattern need more investigation; a few internal recordings 
obtained incidentally by R. M. Eccles. and ourselves do, however, show. 
that the synaptic activity of a single cell may show phases of activity, 
Which could well be associated with the discharge patterns observed. 
Figure 6 shows records obtained internally : in a-¢ the size of the synaptic 
activity is of the right order of magnitude, although the impulse is very 
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small and slow, indicating a low membrane potential; f-g were taken 
later and the cell was then in very poor condition, although it was still 
able to fire an impulse. a is a record of spontaneous activity and probably 
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Fig. 5. a, diagram to illustrate the pattern of impulse discharge in a single unit. 
Each horizontal row indicates the time pattern of the impulses resulting from 
@ single shock. The response patterns to ten separate shocks are shown. b, the 
same data as a plotted as a graph. Ordinate, interval between a particular spike 
and the precedingspike; abscissa, time from the incoming volley to the spike. — 
The position of each spike in its own discharge is indicated by the symbol: © 2nd 
impulse, x 3rd impulse, @ 4th impulse, [] 5th impulse. 
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2 represents synaptic responses to single presynaptic impulses. 6 and c were 


obtained with very small electrical stimuli and are essentially the same, 
but for the amplification ; in these there is a suggestion of a second deflexion 
that is more than the random background. In d, with a bigger stimulus, 
a second deflexion is clear; e was above but near threshold. f and g are 
included to show the effects of big stimuli and are recorded on a slower 
sweep. With stimulus strengths increasing above the threshold value the 


later activity increases and the peak of the later hump gets progressively 
later. 


4 
mV 
20 msec 

5 msec 

Fig. 6. Intracellularly recorded responses of a cell of the short latency type: 
a, spontaneous activity; b, response to a stimulus of low intensity; c—e, stimulus 
strength increased until threshold for spike reached; f-g, slow time trace; in g the 
stimulus was many times the threshold value. | 


Of the units analysed in the short-latency group, 45° were excited by 
light mechanical stimulation of the pad. Most of the others were excited 
by movements of the hairs around the pads; a few had receptive fields 
on the heel or dorsum of the foot, and two required much bigger forces 


applied to the whole foot for excitation. . 


Longer-latency units 

Those found are referred. to mainly for purposes of contrast with the 
group just considered. The thresholds of the units were higher than those 
of the short-latency group; nevertheless, a response could usually be 
obtained before the main early peak of the dorsal root volley reached a 
maximum (Fig. 1g). 

The position in the cord of these units was not related to the position 
of the early phase of the mass response, in fact 46% of those recorded 
were found when the early mass response was positive (Fig. 1f—k). The 


anatomical positions of a sample of these units are shown as open circles 


in Fig. 4. There is no reason to regard these longer-latency units as a single 
group; the positions in which the units were found might even suggest 


the contrary. 
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DISCUSSION 


In order to determine the function of cells in the spinal cord their 
properties and connexions must be so far determined that it is possible 
to work on a particular and sufficiently homogeneous group of cells. The 
purpose of the analysis presented here was to identify a cell group con- 
nected mono-synaptically to low-threshold mechanoreceptors in the skin 
of the foot, and to define some of the properties of the cells. 

The units analysed were divided into a short-latency group and a 
- remainder with longer latencies. All units whose responses lay in the 
short-latency distribution could be fired when the incoming volley was 
confined to a small proportion of the low-threshold, fast-conducting 
receptor fibres, whereas the units with a longer latency were only fired 
when the incoming volley was bigger. Distinctions due to latency and 
threshold might well be reflexions of the same process if the differences 
in latency were associated with great enough differences in the conduction 
velocities of the primary fibres. This would require that the longer-latency 
unit should in general be excited by fibres conducting at about 40 m/sec, 
while the short-latency units are excited by the 60 m/sec group (see 
Fernandez de Molina & Gray, 1957). Longer-latency units could often be 
excited by stimuli which were not maximal for the faster group. It would 
seem therefore that, in part at least, the two parameters, latency and 
threshold, can be regarded as independent. ' 

The spatial distribution of the short-latency units has been given in both 
electrical and anatomical terms. In electrical terms the units are entirely 
within the range in which the main early phase of the mass response 
(phase II potential) is negative and relatively large, the distribution 
showing a maximum which was not significantly different from the position 
of the peak of the phase IT potential; the anatomical distribution is also 
similar to that of the phase II potential (but is medial to that found by 
Coombs et al. (1956) and Fernandez de Molina & Gray (1957) for sural 
responses). The time pattern of the impulses suggests that the phase II 
potentials are the resultant of early activity in the cells of the short- 
latency group. The latency of the response, the minimum stimulus required 
to excite it, and the spatial and temporal distributions of the activity, 
therefore, all relate the short-latency units to the phase II potential. The 
spatial and temporal properties of these cells are similar to those of a 
group of cells identified by Wall (1960) in the dorsal horn of the cat. 

When the preparations were not under the influence of an anaesthetic, 
the average latency of the first impulse in the responses of the short 
latency cells was 0-76 msec (s.D. 0-22 msec). This figures suggests that 
some cells of this group must be monosynaptically connected to the 
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receptor neurones, and if these cells do constitute a related group it seems 
likely that the cells are all monosynaptically connected with the fastest 
conducting fibres from the skin. The pattern of the impulse discharge in 
some experiments, and the intracellularly recorded synaptic potential in 
others, showed a discontinuity which suggests that the initial phase of 
monosynaptic activation is followed by later polysynaptic activity; both 
components can be excited by low-amplitude mechanical stimulation of the 
skin (C. J. Armett, J. A. B. Gray, R. W. Hunspeiger & S. Lal unpublished) 
and by electrical stimuli, which are submaximal for the fastest fibres. 

In these experiments the cells analysed were all activated by mechanical 
stimulation of the foot, most of them by small localized displacements of 
the skin or hairs. The thermal and chemical sensitivities were not tested. 
It is possible however that these cells, like those analysed by Wall (1960), 


_ could be activated by such stimuli. The primary units which are the most 


sensitive to thermal and chemical events are small, and the evidence 
presented here and by Fernandez de Molina & Gray (1957) would suggest 
that these fibres are not necessary to the full development of the early 
phase of the response of these cells. 

These results help to define a group of spinal cord cells not only in terms 
of their anatomical position but more particularly in relation to the mass 
responses of the cells in the dorsal horn. Properties of the units have 
previously been deduced from a study of their mass responses (Coombs 
et al. 1956; Fernandez de Molina & Gray, 1957) and the present experiments 
confirm suggestions that the cells are second-order to the fastest-conducting 
afferent fibres, many of which connect with highly sensitive mechano- 


receptors in the foot. Neither these results nor those of Wall (1960) tell us 


anything about the destination of the axons of the cells. Later evidence, 
however (R. M. Eccles, unpublished), suggests that the cells of this group 


may be further classified according to the connexions of their axons. 


The long-latency units that were found during the course of this study 
could clearly contribute to the later part of the mass response (phase II1). 
The units were, however, widely scattered and do not seem to represent 
a homogeneous group. The evidence presented here has shown that the 
late phase of the mass response is likewise of mixed origin. It includes not 
only the activity of the long-latency units but also the polysynaptic 
activity of the short-latency units, and probably activity of yet other 
types of cell. Further investigation into the properties of this phase of 
the mass response is unlikely to yield more information concerning cell 
function in the cord. 

SUMMARY 

1. Mass responses and single-unit activity produced in the dorsal horn 

of the cat’s spinal cord by electrical stimulation of the medial plantar 
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nerve were recorded extracellularly through micro-électrodes. An analysis 
of the activity was made only for those single units that could respond 
also to mechanical stimulation of the foot. 

2. The components of the mass responses were similar to those recorded 
on sural stimulation; the main negative deflexion (phase II of Fernandez 
de Molina & Gray, 1957) was, however, found medial to that of the 
equivalent phase produced on sural stimulation. | 

3. The single units analysed could be divided into a group that respon- 
ded at short latencies from the incoming volley when low-threshold 
afferent fibres were stimulated, and a remainder that responded at longer 
latencies and to higher stimulus strengths. 

4. The spatial and temporal distributions of the activity of single units 
were examined. 

5. It is concluded that the short-latency cells are monosynaptically 
- connected to fast-conducting fibres from mechanoreceptors and that an 
early phase of their activity gives rise to the main early negative phase 
of the mass response (phase II); a later phase of the impulse discharge is 
polysynaptic in origin and is thought to contribute to the later negative 
phase of the mass response (phase ITT), 


One of us (C.J.A.) was supported by a grant from the Medical Research Council. 
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It has recently been shown that the chloride conductance of the inactive 
muscle membrane is about twice the potassium conductance (Hodgkin & 
Horowicz, 1959; Hutter & Noble, 1960). It is of interest to know whether 
the flux of chloride is large enough to account for the high conductance, 
assuming that the inward and outward movement of chloride are inde- 
pendent. Keynes (1954) concluded that the potassium fluxes were not 
independent because, on that assumption, the potassium flux was too 
small to contribute substantially to the membrane conductance. It is 
known that the presence of a foreign anion in the external solution slows 
the efflux of °C] (Harris, 1958), but that nitrate and iodide do not influence 
the potassium flux (Edwards, Harris & Nishie, 1957). The experiments in 
this paper were designed to measure the internal chloride concentration 
and the chloride efflux. In some experiments a foreign anion was used to 
slow the efflux of *°Cl and allow a clearer separation of intracellular and 
extracellular chloride. | 


METHODS 


All experiments were done on the sartorius muscle of English frogs (Rana temporaria) at 
room temperature (15—20° C). The muscle was cut from its pelvic attachment and fine threads 
were tied to the pelvic and tibial tendons. The pelvic tendon was cleaned by cutting away 


_ the fibres of other muagles. The sartorius was tied to a frame made of thin glass rod so that 


both sides of the muscle were exposed to the solution, and the rod was moved up and down 
by a small electric motor to ensure adequate stirring. 

Solutions. The composition of the solutions used is given in Table 1. The normal Ringer’s 
fluid had the same composition as that described previously (Adrian, 1956), and was made up 
in the same way. Nitrate was substituted for chloride by using NaNO, and KNO, in place 
of NaCl and KCl. The NO,-Ringer’s fluid contained 3-6 mm-Cl as CaCl,. When the external 
KCl concentration was raised the NaCl concentration was left unaltered, so that at equilibrium 
the muscle fibres would have the same volume as in Ringer’s fluid. a 

Small quantities (2-8 ml.) of solutions containing tracer chloride were made up from 
lat solutions of Na*Cl and K Cl supplied by A.E.R.E. Harwell. Since the volume of the 


loeding solution was only about 40 times the volume of a single sartorius muscle, the 


specific activity could not be considered constant from experiment to experiment. The 

specific activity was measured after each muscle had been soaked in the radioactive solution. 

When muscles were loaded in solutions with a high KCl concentration, both the specific 

activity and the concentrations of potassium and chloride were altered, because the muscle 
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fibres removed potassium and chloride from the loading solution without an equivalent 
quantity of water. The variation in the external potassium concentration of the loading 
solution was not greater than 10%. 

Measurement of radioactivity. The efflux of radioactivity from the muscles was followed 
by suspending them in a series of tubes containing 1 ml. of inactive solution, and measuring 
the radioactivity emerging from the muscle in a measured time. At the end of the experiment 
the dried muscle was extracted in distilled water to determine the radioactivity remaining 
in the muscle (Adrian, 1960). 

The long half-life of **Ci (4 x 10° years) eliminates any problems due to the deeny of the 
isotope, but it limits the available specific activity. Furthermore, the low energy of the 
particles which it emits makes it unsuitable for counting in conventional liquid counters. 
Reasonably high counting efficiency was obtained by precipitating the **Cl and inactive Cl 
as AgCl and counting the precipitate with a mica end-window G—M tube (1-7—2-3 mg/cm’). 
Because self absorption in the precipitate could not be eliminated it was important that 
each sample of AgCl should contain the same amount of chloride. When the loss of radio- 


TABLE 1. Composition of solutions 


Bt Net Cl- NO,- SCN- HPO,?- H,PO,- 
(mg ion/l1, solution) 


Cl-Ringer’s fluid 2°5 120 1-8 121-1 — — 2-15 0-85 
NO,-Ringer’s fluid 2-5 120 18 . 117:5 — 2°15 0-85 
10 SCN-Ringer’s 2-5 120 1:8 109-1 12 2-15 0-85 
High. KCI solution 50 


120 1-8 168-6 — — 2-15 0°85 
activity took place into a solution containing nitrate, 1 ml. of ordinary Ringer’s fluid was 


boiling, were centrifuged and resuspended in a 1:1 mixture of glycerol and ethanol. The 
suspension was then transferred to a filter-paper disk, the suspending fluid being removed 
by suction to leave an evenly spread deposit of AgCl. By waxing the outer ring of the disk 
(diam. 2-4 cm), the precipitate was confined to a circular area in the centre (diam. 1-3 cm). 
Some of the samples, particularly at. the end of an experiment, had very low counting 
rates (about 1 count/min above background) and it was necessary to count them for as 
long as 14 hr to achieve a 8.x. of +10%. Frequent background counts for comparable 
periods showed that it was stable (approx. 6 counts/min; exact values differed for different 
tubes by a small amount). 


RESULTS 

The efflux of chloride into solutions containing chloride or nitrate 

Sartorius muscles were soaked for 2} hr in a Ringer’s fluid of normal 
composition which had been made up with Na**Cl. If the rate at which 
**Cl is lost from the muscle into inactive Cl-Ringer’s fluid (2-5 mu-K, 
120 mm-Cl) is determined, the radioactivity of the muscle at any time 
can be obtained by adding the radioactivity left in the muscle at the end 
of the experiment to the radioactivity lost by the muscle in each of the 
collecting periods after the time in question. If the muscle radioactivity 
is plotted semilogarithmically against time, the points lie on a straight 
line for times greater than about 20 min (Fig. 1, open circles). At first 
: sight it would seem reasonable to assume that the linear portion of the 


added before the precipitation of the chloride. The AgCl precipitates, after coagulation by ~ 
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curve represents the loss of intracellular radioactivity. If this were so, 
extrapolation of the linear part of the curve would give an estimate 
(subject to certain errors; see below) of the intracellular chloride. Three 
such experiments gave a mean value of 0-57 m-mole/kg muscle. If this 
figure represents the total intracellular chloride, muscles soaked for the 
same length of time in *Cl-Ringer’s fluid and transferred to NO,-Ringer’s 


3000 


Counts/min in muscle 


Minutes 

Fig. 1. The loss of **Cl from two muscles into inactive Cl-Ringer’s fluid (OQ) and 
inactive NO,-Ringer’s fluid (@). The muscles weighed 38 mg and 42 mg respectively. 
The specific activity of the soaking solution was 2 x 10° counts/min.m-mole, 


fluid or 10% SCN-Ringer’s fluid, should have the same initial quantity 
of *6C] in the fibres. The curve with filled circles in Fig. 1 shows the radio- 
activity of a muscle losing **Cl into NO,-Ringer’s fluid. The two curves 
in Fig. 1 may be compared directly, because the specific activity of the 
soaking solution was the same in the two experiments and the two muscles 
were of nearly equal weights (38 and 42 mg). Contrary to expectation, 
the linear parts of both curves have nearly the same slope, but their 


intercepts at zero time are very different. Four such experiments gave a 
40-2 
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mean value for the apparent intracellular chloride of 3-12 m-mole/kg 
muscle. Since both groups of muscles were treated identically up to the 
moment of transfer to the inactive solution, the slow linear loss of radio- 
activity in the Cl-Ringer’s fluid must represent either a small fraction of 
the intracellular chloride, possibly from fibres with long time constants, 


1000 


36C| efflux (counts/min?) 
T 


Minutes 


Fig. 2. The rate of loss of **Cl into NO,-Ringer’s fluid and subsequently 
into Cl-Ringer’s fluid. 


or part of the extracellular chloride which exchanges very slowly with the 
surrounding fluid. Both assumptions imply that the loss of the greater 
part of the intracellular radioactivity takes place sufficiently rapidly in 
Cl-Ringer’s fluid to make it difficult to distinguish from the loss of ordinary 
extracellular chloride. 


Figure 2 shows the effect of returning a muscle to Cl-Ringer’s fluid after 
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an initial period in NO,-Ringer’s fluid. The rate of loss has been, plotted 
in counts/min?. In the Cl-Ringer’s fluid the rate of loss of radioactivity 
is approximately doubled, and the time constant halved. This effect is 
reversible if the muscle is returned to NO,-Ringer’s fluid. Table 2 sum- 
marizes the results of four experiments, including two using a Ringer’s 
fluid with 10% of the chloride replaced by thiocyanate. The transfer of 
the muscle from NOQ,-Ringer’s fluid to 10% SCN-Ringer’s fluid affects 
the time constant more than the transfer from 10° SCN-Ringer’s fluid 
to Cl-Ringer’s fluid. The time constant for the loss of ®6Cl into Cl-Ringer’s 
fluid was about 11 min. A loss of **Cl with this time constant would be 
difficult to distinguish in a curve of the type shown in Fig. 1 (open circles). 
Levi & Ussing (1948) measured the loss of *Cl into a Cl-Ringer’s fluid 
and were able to distinguish a fast and slow phase of loss. The slow phase 
was linear between 20 and 80 min, with a time constant of about 17 min. 
From their data it is uncertain whether this value can be considered the 
time constant for the loss of the whole of the intracellular chloride or 
whether it corresponds to the time constant for the slow linear loss of 
radioactivity observed in these experiments when **Cl is lost into Cl- 
Ringer’s fluid. 

Estimation of the initial intracellular ive extrapolation 
to zero time of the type of curve shown in Fig. 1, leads to an over-estimate 
because no account is taken of diffusion in the extracellular space. Harris 
_ & Burn (1949) and Keynes (1954) have given solutions for the equations 
governing the exchange of tracers when the muscle is in a steady state 
(i.e. when the efflux and influx of an ion are equal). However, when **Cl 
is lost into NO,-Ringer’s fluid their solutions do not apply because there 
is a loss of active and inactive chloride, so that the intracellular specific 
activity remains unaltered (ignoring the very small influx which results 
from the presence of 3-6 mm-Cl in the NO,-Ringer’s fluid), and the internal 
chloride concentration falls. Because the membrane potential remains 
unaltered (see below) it is reasonable to assume that the outward move- 
ment of chloride is proportional to the internal concentration. Making 
this assumption and representing the muscle by a single intracellular 
compartment in series with a single extracellular compartment, it can 
be shown that extrapolation of the slow phase of loss will over-estimate 
the intracellular radioactivity by about 25%. (The time constants for the 
loss of extracellular and intracellular **Cl were taken as 2 and 22 min 
respectively. A correction of 25% is probably somewhat too small, since 
the two-compartment assumption ignores the fact that the extracellular 
conditions are not uniform for all distances from the surface of the muscle.) 
_ Extrapolation to zero time in the four experiments of Table 2 gives an 
average of 3:12 m-mole/kg muscle for the chloride associated with the 
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slow loss of *6Cl. This chloride might all be intracellular, but if all or part 
of the °6Cl which is lost slowly into Cl-Ringer’s fluid (0-57 m-mole/kg 
muscle) has an extracellular origin, the intracellular chloride will ¥e less 
than 3:12 m-mole/kg muscle.’ Applying a diffusion correction of 25% to 
both figures and expressing the chloride concentration in terms of the 
fibre water (66° of the muscle wet weight) an upper and lower limit of 
3-8 and 3-1 m-mole/kg fibre water are obtained. 


Tae 2. The time constants (min) for the loss of **Cl into Ringer’s fluids 
with different anion composition’ 


[Cl,]* 
(m-mole/ 
Expt. No. NO, SCN- Cl- kg fibre water) 
4 — 11 3-9 
5 19 — 10 5-1 
6 15 5-5 
7 22 15 — 4-2 


* [Cl] was calculated by extrapolating the slow loss in the first solution to zero time, and 
is not corrected for extracellular diffusion. In expts. 4, 5, 7, the initial loss of **Cl took place 
into NO,-Ringer’s fluid. In expt. 6 the initial loss of **Cl took place into a Ringer’s fluid 
with 10% of the chloride replaced with SCN-. The same solution was used in the second 
period in expt. 7. 


The membrane potential in N 0,-Ringer’s fluid 

The slowing of the efflux of *®Cl in NO,-Ringer’s fluid might be due tc 
a changed permeability to the chloride ion, or to a change in the membrane 
potential. The second possibility is excluded because the membrane 
potential in NO,-Ringer’s fluid does not differ from the potential in Cl- 
Ringer’s fluid. The mean internal potential for one muscle in Cl-Ringer’s 
fluid was —90-5+0-9 mV (16 fibres), and for the same muscle in NO,- 
Ringer’s fluid it was — 91-5 + 0-6 mV (17 fibres). The mean internal potential 
of a second muscle was —89-3+ 1-3 mV (12 fibres) in NO,-Ringer’s fluid, 
and in Cl-Ringer’s fluid before and after the measurement in nitrate it — 
was — 90-4 + 1-3 mV (11 fibres) and — 89-9 + 1-2 mV (10 fibres) respectively 
(+8.E. of mean). The size of the action potential was unaltered, but the 
negative after-potential was larger and of longer duration. These results 
confirm the observations of Etzensperger & Bretonneau (1956) and Hutter 
& Padsha (1959). No transient depolarization, which would be expected 
if the membrane was less permeable to nitrate than to chloride, was detected 
when the fluid flowing past an impaled fibre in a whole sartorius muscle 
was changed from Cl- to NO,-Ringer’s fluid. Hodgkin & Horowicz (1959), 
using isolated muscle fibres under similar conditions, found either no 
change in resting potential or a hyperpolarization. They have explained 


their results in terms of a decrease of chloride permeability in NO,-Ringer’s 
fluid. 
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The efflux of chloride from muscles with a raised internal chloride 
concentration 


A small number of experiments was done to estimate the efflux of 
chloride into a Ringer’s fluid to which an extra 47-5 m-mole KCl/l. had 
been added. Muscles were loaded with tracer by soaking for 24 hr in a 
solution of this composition made up with Na**Cl. They were then trans- 
ferred to an inactive solution of the same composition, and the efflux was 
followed in the usual way. The losses of extracellular and intracellular 
chloride were easily separated, because in Ringer’s fluid with extra KCl 
the fraction of the total muscle chloride which is intracellular is much 
greater than in Ringer’s fluid. In a Ringer’s fluid with KCl added to bring 
the external potassium concentration to 50mm the internal chloride 
concentration at equilibrium is 47 m-mole/kg fibre water, and the muscle 
fibres should have reached equilibrium in 24 hr soaking (Adrian, 1960). 
The mean time constant for the loss of **Cl was 31+7 min (s.z. of mean 
4 expts.). This corresponds to an efflux of 50 + 11 pmole/cm? sec. Keynes’s | 
(1954) approximation for the effect. of extracellular diffusion — 
that this figure is about 5% less than the true flux. 


DISCUSSION 


The internal chloride concentration of muscle fibres in Cl-Ringer’s fluid 
(2-5 mm-K, 120 mm-Cl) lies between 3-1 and 3-8 m-mole/kg fibre water. 
Although the method of estimation necessitates a diffusion correction of 
rather uncertain magnitude, the value agrees well with the idea that the 
electrochemical potential of chloride is equal on the two sides of the mem-. 
brane under these conditions. On this basis [Cl;] would be equal to [Clo] 


exp (VF/RT), where V is the internal potential. For an internal potential 


of —92 mV and an external chloride concentration of 120 mm, the expected 
value of the internal chloride concentration is 3-1 mm. Table 3 shows the 
membrane potentials of muscle fibres which have been allowed to come 
into equilibrium with eight different solutions. For a particular value of 
the external potassium concentration the presence of chloride makes little 
or no difference to the membrane potential. If the distribution of chloride 
were passive this result would be expected, even for a membrane highly 
permeable to chloride. Direct estimations of the equilibrium internal 
chloride concentration in solutions with a raised potassium content are 
also consistent with prediction (Boyle & Conway, 1941; Adrian, 1960). 
The experiments also show that the presence of nitrate and thiocyanate 
in the external solution affects the ease with which chloride can cross the 
muscle fibre membrane. Harris (1958) showed that the efflux of chloride 
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is slowed when external chloride is replaced by Br-, NO,-, I-, ClO,-, 
or CNS-. Hutter & Padsha (1959) and Hodgkin & Horowicz (1959) have 
pointed out that the absence of a change in membrane potential when 
nitrate is suddenly substituted for chloride suggests that the effect of 
nitrate is to reduce the chloride permeability until it about equals the 
nitrate permeability. 

Since the outward movement of chloride is not independent of the 
external anion, it is reasonable to ask whether the inward and outward 


TABLE 3. Membrane -aoeascniay at equilibrium in solutions with and without chloride 


Internal 

[Cl] potential 
(m-osmole/1.) (mm) (mm) (mV) 
250 2-5 120 —92 

250 2-5 0 — 90* 

250 10 120 — 60 
250 10 — 61 
250 50 120 — 26 
250 50 — 25 
450 100 220 — 20 
450 100 0 — 20 


Chloride replaced by sulphate; data previously published (Adrian, 1956, 1960). * Un- 
published observations. 


movements of chloride are independent. If the movements of chloride 
are independent the efflux wa: be calculated by the constant field theory: 


F [(Chexp(— VF/RT) 

Me, = Pa RT 1—exp(—VF/RT)’ 
where V is the internal potential (Keynes, 1951). Hodgkin & Horowicz 
(1959) concluded that the chloride permeability (P.,) remains constant 
when either the membrane potential or the external chloride concentration 
are altered, and that its value is 4 x 10-* cm/sec. The calculated value for 
the efflux in Cl-Ringer’s fluid is 44 pmole/cm? sec. An efflux of this 
magnitude would result in a time constant for the loss of #¢Cl into Cl- 
Ringer’s fluid of about 24 min. The loss of intracellular chloride would 
then be quite indistinguishable from the loss of extracellular chloride. In 
the present experiments the time constant in Cl-Ringer’s fluid (11 min) 
could only be measured after the muscle fibres had lost chloride into 
NO,-Ringer’s fluid, during the subsequent period when the fibres were 
gaining chloride from the Cl-Ringer’s fluid. If the inward chloride move- 
ment interfered with the outward movement, the time constant for the 
loss of *Cl into Cl-Ringer’s fluid would be less after the muscle had been 
in NO,-Ringer’s fluid than when the muscle was in the steady state. If 
the influx and efflux were independent, the time constant for the steady 
state and the conditions of these experiments would be the same. A time 
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constant of 11 min would correspond to a flux of about 10 pmole/cm? sec 
and a membrane chloride conductance of 38 »mho/cm?. Electrical measure- 
ments of the total conductance indicate a value of 250 umho/cm? (Fatt & 
Katz, 1951), two thirds of which is thought to be chloride conductance 
(Hodgkin & Horowicz, 1959; Hutter & Noble, 1960). It is obvious that a 
flux of 10 pmole/cm? sec is too small to account for the chloride conductance 
of the membrane. The discrepancy could be explained by the type of 
mechanism suggested by Hodgkin & Keynes (1955) to account for the 
potassium flux ratios in Sepia axons poisoned with DNP. 

In the chloride-containing solution with a potassium concentration of 
50 mM, at equilibrium, the internal potential is —32 mV and the internal 
chloride concentration is 47 m-mole/kg fibre water (Adrian, 1960). Using 


' the same value for P,, (4x 10-* cm/sec) as was used to calculate the 


flux in Cl-Ringer’s fluid (2-5 mm-K), the calculated flux in the high 
potassium solution (50 mm-K) is 330 pmole/cm? sec. The observed flux is 
only 50 pmole/cm* sec. In both cases the difference could be accounted 


for if P,, was less than 4x 10-* cm/sec, but the large size of the dis- 


crepancy suggests that the movements of chloride are not independent. 


SUMMARY 


1. The intracellular chloride concentration of muscle in Ringer’s fluid 
is consistent with a purely passive distribution of chloride. It is estimated 
to be between the limits of 3-1 and 3-8 m-mole/kg fibre water. 

2. The presence of NO,- and SCN- in the external fluid reduces the 
permeability of the membrane to chloride. 

3. It is tentatively concluded that the chloride influx and efflux are 
not independent. 


I am greatly indebted to Professor A. L. Hodgkin and Dr R. D. Keynes for very helpful 
discussion throughout the course of this work. The expenses of the work were met by 
grants from the Rockefeller and Nuffield Foundations. 
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Expired air resuscitation 


By L. M. Croton and W. R. Daviss. Department of"Applied Physiology, 
London School of Hygiene and Tropical Medicine, London, W.C.1 


The method of expired air resuscitation (oral resuscitation) at present 
advocated consists of the following stages: 

(1) Lay the asphyxiated victim in the supine position, if possible on a 
table or on ground higher than that on which the rescuer is standing. 

(2) Clear his mouth of any obstruction. . 

(3) Place a folded coat or other support.under his shoulders so that the 
head falls well backwards. 

(4) Kneel by the side of the victim’s head, or stand by the side of the 
table opposite his head. 

(5) Press his head to the fully extended position with one hand, with 
the other draw his jaw well forward, and maintain this extension through- 


out. The combination of these two movements should ensure that the 


airway is fully patent. 

(6) After taking a full inspiration, the rescuer places his mouth over 
the victim’s mouth and breathes strongly into his lungs, ensuring that the 
victim’s nasal orifice is blocked off by pinching the nose. The rescuer then - 
turns his head away from the victim whilst passive expiration takes place, 


- then he takes another breath and repeats the cycle. 


(7) This cycle is repeated every 3-5 sec, breathing strongly for an adult 
and lightly blowing for a child. 
The problem of instruction of First Aid personnel aad rescue eae eee is 


_ of major importance. Several training manikins have been produced and 


instructional films are at present being used to illustrate the physiological 
si governing the — of this method of artificial respiration. 
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Blood-pressure measurement without observer variability 


W. W. and H. 8. Wotrr. Department of Epidemiology, 


London School of Hygiene and Tropical Medicine, and Bioengineering 
Laboratory, Division of Human Physiology, as ational Institute for Medical 
Research, London, N.W. 3 


The recording accuracy of a normal sphygmomanometer for the measure- 
ment of the blood pressure of large numbers of subjects is limited by the 
variability of the rate of cuff inflation and deflation, and the necessity for 
the observer to concentrate not only on hearing the appearance and change 
of the Korotkow sounds but also on recording the level of a moving column 
of mercury. Recording to the nearest 5 mm mark is of little use in large 
surveys as the resultant frequency distribution curve is irregular. Both 
this procedure and reading to the nearest 2mm leads to marked digit 
preference (Rose, personal communication). 

The apparatus illustrated aims at eliminating these sources of observer 
error. Pressure is recorded on three standard mercury manometers which, 
during the process of taking the pressure, cannot be seen by the observer. 
The latter is able to stop the descent of each column at the appropriate 
moment by closing a magnetic valve. The observer thus merely listens to 
the arterial sounds, presses a button when the sounds change, and can then 
subsequently read the pressures on static mercury columns. The rate of 
cuff inflation and deflation is controlled by appropriate vatves so as to be 


constant throughout. 


Lifting and carrying stretchers. (Film) 


By G. P. Crowpzn. Department of Applied Physiology, London School of 


Hygiene and Tropical Medicine, London, W.C.1. 

The film shows that the heavy muscular work of stretcher bearers may 
be facilitated by: 

(1) Positioning the casualty so as to equalize the load on the Soe, 

(2) Placing one foot in front of the other, and bending the knees when 
lifting or lowering the loaded stretcher. 

(3) Using shoulder-yoke slings which eliminate static effort and strain 
on the hands and arms. This type of sling greatly reduces energy expendi- 
ture in carrying (Rao, 1953), retards the onset of fatigue and so makes 
longer carries possible. 

REFERENCE 
Rao, 8, (1953). The Metabolic Cost of Stretcher Carriage. Ph.D. Thesis, University of London. 


+4 
3 
4 
; 
‘ 
at 
ra 
> 


e 
r 
1 
1 
t 


SOCIETY, 14 JANUARY 1961 : 3P 


Measurement of pulmonary resistance by the airflow interruption 
method 


By J. I. Paumer. Department of Applied Physiology, London School of 


Hygiene and. Tropical Medicine, London, W.C.1 


How does a man twist in the air? A study of rotations generated 


_when falling or diving into water. (Film) 


By D.'A. McDonatp. Department of Pharmacology, Medical College of 
St Bartholomew’s Hospital, London, E.C.1 


The effect of immersing the human body in water on pulmonary 
diffusion and capillary blood volume. 


By A. RK. Guyart, Newnan, J. I. Paumer and M. L. THomson. 
Department of Applied Physiology, London School of Hygiene and Tropical 
Medicine, London, W.C.1 


Alveolar carbon dioxide expiratory plateau by fast katharometer 
By A. R. Goyarr. Department of Applied Physiology, London School of 


_ Hygiene and Tropical Medicine, London, W.C.1 


Tissue culture of the rat anterior pituitary; some observations 
on outgrowing cells 


By J. K. Burns.* H.E.R.T. Tissue Culture Laboratory, Department of 
Biochemistry, Institute of Physiology, University of Glasgow 

Investigations concerning the cytology of cultured anterior pituitary 
cells have given variable results, acidophils, basophils or ‘undifferentiated ’ 
cells having been described by previous authors. Vesiculate chromophobes, 
which develop after thyroidectomy, adrenalectomy or gonadectomy in 
experimental animals (Severinghaus, 1938) have not been observed in out- 
growing cells of pituitary explants, in.cultures maintained for 2 weeks 
(Guillemin & Rosenberg, 1955). The absence of normal hormonal influ- 
ences could be expected to result in the appearance of such cells in vitro. 

In the present experiments, anterior pituitary explants from 2-month- 
old rats were cultured in plasma clots, on coverslips in modified roller 
tubes. The fluid medium (5 ml.) consisted of 85°% Hanks’s balanced salt 
solution (Paul, 1959) or Waymouth’s medium (Waymouth, 1956) with 
10 % calf serum and 5% chick embryo extract. Media were changed twice 
weekly, and cultures were maintained for 2 weeks. Series of cultures of 
chick heart fibroblasts, grown as hanging-drop préparations for 2 days, 


* Present address: Department of Physiology, sivctacsand College, Galway, Eire. 
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served as controls for staining procedures. Cultures were stained with the 
periodic acid Schiff, alcian blue, toluidine blue, Sudan IV, Sudan black B 
and coupled tetrazolium techniques (Pearse, 1960) and a Mallory method 
(Carleton & Leach, 1957). 

Vesicles were present in almost all outgrowing cells. The outer rims of 
these stained with the periodic acid Schiff method. They did not react with 
alcian blue, nor did they show metachromasia with toluidine blue. The 
coupled tetrazolium reaction for protein stained the cytoplasm, but not 
the vesicles. These were not demonstrated by Sudan IV, but Sudan 
black B gave a positive reaction for complex liquid. The Mallory method 
showed unstained vacuoles in practically all cells. Treatment of cultures 
with absolute alcohol for 90 min at 56° C resulted in a negative periodic 
Schiff reaction and absence of staining with Sudan black B. These results 


are consistent with the Schiff positive material being formed of glycolipid. 


The composition of the material within the vesicles has, however, not yet 
been established. 

The morphology of these cells, as shown by the Mallory method, seems 
similar to that of vesiculate anterior pituitary cells observed by Severing- 
haus (1938) in adrenalectomy, thyroidectomy and gonadectomy; by 
Pearse (1949) in senile patients and by Guyer & Claus (1932) following 
cancer transplantation in rats. Further experiments are being planned, 
with the object of investigating this similarity. 

This work was carried out during the tenure, by the author, of a Council of Europe 
Fellowship. 

REFERENCES 
CaRLeTon, H. M. & Drury, R. A. B. Ee Histological Technique, 3rd ed. p. 107. London: 
Oxford University Press. 
GuILLEMIN, R. & RosEnBERG, B. (1955). Endocrinology, 57, 599-607. 
Guyer, M, F. & Cravs, P. E. (1932). Anat. Rec. 52, 225-232. 
Paul, J. (1959). Cell and Tissue Culture, p. 68. Edinburgh: Livingstone. 
PEarsE, A. G. E. (1949). J. Path. Bact. 41, 195-202. 


Pearse, A. G. E. (1960). Histochemistry, Theoretical and Applied, 2nd ed. pp. 795-851. 
London: Churchill. 


SEVERINGHAUS, A. E. (1938). In The Pituitary Gland, ed. Severinghaus, A. E. Res. Publ. 
Ass. nerv. ment. Dis. 17, 69-117. 


Wayouts, C J. nat. Cancer Inst. 17, 315-321. 


The effect of cyctical heating of the front of the trunk on the rate 


of sweat production from the forearm _ 
By D. F. Brepner and D. McK. Kerstaxz. R.A.F. Institute of Aviation 
Medicine, Farnborough, Hants 


The experiments to be described were intended to test for the existence 
of thermoreceptors in the skin of the trunk contributing to the control of 
the rate of sweat production elsewhere. 
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The skin of the front of the trunk, from the clavicles to the pubis, was 
exposed to radiant heat, the intensity of which was varied sinusoidally 
with periods of 8-70 sec, The mean difference between the maximum and 
minimum radiation intensity, measured in the coronal plane, was 310 kcal/ 
m? hr. The skin reflected about 20% of the incident radiation. A capsule 
ventilated with dry air was applied to the volar surface of the right forearm 
(not exposed to the radiation) and the sweat production was measured 
continuously by means of an infra-red gas analyser through which the 
effluent air was passed. 

Continuous records of the output of the analyser showed large, appa- 


} rently random, fluctuations on which were superimposed peaks corre- 


sponding in frequency with the stimulus. In order to examine the time 
relations of the response more accurately, the mean sweat rate during each 


tenth of a large number of cycles was recorded (usually 10 min continuous 


running). The curves so obtained showed clear maxima and minima, the 
phase lags of which were measured with respect to the radiation cycle. The 
relation between phase lag and frequency was linear, suggesting that the 
time lag between maximum radiation and maximum sweat rate and be- 
tween the respective minima was constant at 9-0 sec. Calibration of the 
system by injection of sinusoidal changes of humidity into the capsule 
effluent gave similar results, the time lag being 7-4 sec. The sweat response 
was not abolished by occluding the circulation to the arm. : 

The results suggest that the forearm sweat rate follows the stimulus with 
a delay of about 1-6 sec, so that the pathways involved must be neural. 
The response is related to peak radiation intensity, which occurs before the 
skin temperature reaches its peak. The stimulus is therefore probably — 
either rate of change of skin temperature or rate of heat exchange. The 
response does not appear to be secondary to reflex circulatory changes in 
the forearm skin. 


Carotid chemoreceptor response to high carbon monoxide tension 


By N. Jozus and E. Nem. Department of Physiology, Middlesex Hospital 
Medical School, London, W. 1 


The combination of as much as 80 °% of the blood haemoglobin with CO 
causes no carotid chemoreceptor discharge in cats breathing 1-2 % CO in 
air, providing that the arterial pO, be not lowered (Duke, Green & Neil, 
1952). The glomus cells normally betray a high oxygen usage (9 ml./ 
100 g/min). Their blood flow of 2000 ml./100 g/min (Daly, Lambertsen & 
Schweitzer, 1954) is, however, so high that they have little difficulty in 
extracting their large oxygen requirements without causing much fall in 
the local blood pO,. Anoxic anoxia disrupts their oxidative metabolism, 
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whereupon the chemoreceptor nerves display a vigorous impulse traffic. 
Cyanide also causes chemoreceptor discharge, and Anitschkov (1951) has 
assumed that the drug acts by inhibiting cytochrome oxidase. Cyanide, 
however, inhibits many of the enzymes which aid carbohydrate meta- 
bolism. Only carbon monoxide exerts a specific inhibition of cytochrome 
oxidase (Dixon & Webb, 1958). The affinity of cytochrome oxidase for CO 
is less than that for O,. Thus it is necessary to use high CO tensions locally 
in the glomus circulation in order to ascertain whether chemoreceptor dis- 
charge ascribable to cytochrome oxidase inhibition can be aroused. 

Two sets of experiments were performed on cats anaesthetized with 
pentobarbitone. 


(1) 1-2 ml. of blood (pCO = 300-500 mm, pO, = 150mm, pCO, = 


40 mm Hg) was injected locally into the carotid glomus circulation. Trans- 
ient hyperpnoea and hypertension which occurred was abolished by cutting 


the relevant sinus nerve. 


(2) Electroneurography of chemoreceptor fibres showed that vigorous | 


impulse activity was aroused by: the perfusion of solutions equilibrated 
with pCO 300-500 mm Hg and normal pO, and pCO,. ° 

The inhibition of cytochrome oxidase thus does mimic the effect of 
anoxic anoxia on the glomus cells. It must be stressed that CO is used here 
as a biochemical tool; ordinarily in CO poisoning the tissue pCO is far too 
low to exert such histotoxic effects. 
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The effect of linear acceleration on the response to angular 
~ acceleration in man 


By A. J. Benson and T. C. D. Warrestpx. Royal Air Force Institute of 
Aviation Medicine, Farnborough, Hants 


Both Ledoux (1949) and Gernandt (1950) have shown in animals that 
the response pattern of ampullary receptors is modified by linear accelera- 
tion. To see if this observation was applicable to man, experiments were 
carried out in the human centrifuge by which a reproducible rotational! 
stimulus could be combined with different linear accelerations. 

Eight subjects each experienced two runs near the centre, and two at the 
end of the centrifuge arm whilst in a fixed seat, with head vertical and 
facing the centre of rotation. The rotation was steady at 25°/sec for 2 min: 
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accelerating 10°/sec? for 8 sec; steady at 105°/sec (3-19) for 1 min; de- 
celerating 10°/sec? for 8 sec; steady at 25°/sec for 2 min. The duration of 


~the sensation of tarning was measured, and by making use of the corneo- 


retinal potential, recordings of horizontal nystagmus were made whilst the 
eyes were closed. | 

There was no consistent significant change in sensation times, which 
varied greatly, possibly because of the superimposed tilting sensation 
experienced during rotation at the end of the arm. The angular velocity of 
the slow phase of nystagmus rose during angular acceleration, then 
decayed exponentially. For this decay the regression equation was calcu- 
lated for each angular stimulus. Analysis of variance of the slopes and 
intercepts revealed that the rate of decay of nystagmus was significantly 
increased (P = 0-001) only in the presence of high linear acceleration(3-1g). 

Possible explanations of this reduced response are that the cupula is — 
affected by linear as well as by angular accelerations, or that the nystag- 
mus was modified by impulses from utricular or saccular maculae. 

We are grateful to Miss Helen Ferres for statistical analysis of the data. 
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A comparison between athletes and non-athletes in oxygen con- 
sumption and pulmonary diffusion at near-maximal exercise 

By Farra Newman, B. F. and M. L. Tuomson. Department 
of Applied Physiology, London School of Hygiene and T'ropical Medicine, 


| London, W.C.1 


Bannister, Cotes, Jones & Meade (1960) reported that values of pul- 
monary diffusing capacity at given levels of exercise were systematically 
higher for athletes than for non-athletic subjects (P < 0-05). 

In the present investigation eleven medium and long-distance runners, 
with one exception all of international class, were compared with nine 
healthy non-athletes closely matched with the athletes in body size and 
age. Measurements of pulmonary diffusion (kgo) by breath-holding method 
(Ogilvie, Forster, Blakemore & Morton, 1957), oxygen consumption (Vo,) 


and pulse-rate were made on a bicycle ergometer at rest and at three levels 


of exercise, in one of which the subjects attempted to reach their maximum. 
The index ko is preferred to Doo; it is the time constant of the exponential 
decay of CO concentration during breath-holding and is proportional to 
Doo if, as in the orthodox method, measurements are made at maximum 
lung volume (McGrath & Thomson, 1959). 
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The most obvious difference between the two groups was the signifi- 
cantly higher maximal V5, achieved by the athletes (mean for athletes, 
3-71 1./min, and for non-athletes 2-67 1./min; P < 0-01). The mean maxi- 
mum values of kgo corresponding to these values of Vo, were 7:53 min~ 
and 6°56 min-! for athletes and non-athletes respectively. The corre- 
sponding mean pulse rate of 176/min for athletes was significantly lower 
than that of 225/min for non-athletes (P < 0-001). 

It was found, in agreement with Bannister et al. (1960), that the regres- 
sion for on (kog = 4:78+0-818 Vo, for athletes) was higher in 
athletes than in normals, although the slopes of the two lines were virtually 
parallel. The difference between the two lines of approximately 0-35 min“! 
koo was not however significant (0-1 > P > 0-05). 

As expected in these two matched groups the mean total lung capacity 
and its subdivisions did not differ significantly between athletes and non- 
athletes. The mean forced expiratory volume for 1 sec (F.E.v. (1)) was 
4-761. for athletes and 5-011. for non-athletes; this difference was not 
significant and the ratios F.E.v./v.c. (86-7% and 87-3% 
showed even closer agreement. 


This work was supported by a‘grant from the Medical Research Council. 
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Simultaneous acclimatization to heat and cold in man 


By E. M. Guaser* and R. J. SHepHarp. Chemical Defence Experimental 
Establishment, Porton Down, Salisbury, Wilts 


There is evidence that people can repeatedly adapt to suécessive 3-day 
periods at about 4° and 0° C (Glaser, 1949) and that a hand can be adapted 
at one and the same time to immersions at 47° and 4° C (Glaser, Hall & 
Whittow, 1959). The present experiments attempted to induce simultane- 
ous acclimatization of the whole body to heat and cold. 

Fifteen men spent 3 hr every morning at 35° C (dry bulb) and 28° C (wet 
bulb), and 3 hr every afternoon at about 3°C for 11 days. They wore 
shorts in the hot room and indoor clothes in the cold. An index of comfort 
suggested that both environments became progressively more comfortable. 
In the cold room the skin of the hands and fingers became progressively 


* Address: The London Hospital Medical College, Turner Street, E. 1. 
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a warmer, rising from a mean of 11-9° C in the first test to 155° C in the 


was @ significant diminution of the responses both to warming and to 


- could inhibit responses to localized warming and cooling. 


that acclimatization may depend, at least in part, on the way in which the 
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eleventh, and the blood flow through the hand tended to increase; mouth 
temperatures were inaccurate because of shivering and they showed no 
significant improvement. In the hot room the mean mouth temperatures 
became gradually less, falling from 37-2° C in the first test to 36-8° C in the 
last, but the skin temperatures showed no clear tendencies, perhaps because 
the experiments were carried out after an exceptionally hot spel) in 1959. 

Responses of the blood pressure and of the heart rate to immersion of a 
hand at 47° C and at 4° C (Glaser et al. 1959) were tested before and after 
the eleven exposures to heat and cold: At the end of the experiment there 


cooling, which suggested that warming and cooling of the whole body 


There was a fall of the mouth temperature on the day after the eleventh 
exposure to heat and cold at the time when the subjects would have been 
entering the hot room, and there was a rise of the mouth temperature at 
the time when the subjects would have been entering the cold room. This 
could be further evidence that diurnal rhythms of temperature are influ- 
enced by past activities (Glaser, 1957). | 

The fact that the present experimental subjects became acclimatized to, 
both heat and cold at the same time, tends to support previous evidence 


central nervous system responds to thermal stimuli. 
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A comparison between body size and lung function of swimmers 
and normal school children 


By Farra Newman, B. F. Smatiey and M. L. Tuomson. Department 
of Applied Physiology, London School of Hygiene and Tropical Medicine, 
London, W.C. 1 

Efficiency of lung ventilation of thirty leading British swimmers (fifteen 
of each sex) of mean age 16-1 (13-17) was compared with that in a control 
group of nineteen school children (ten males and nine females), average 
age 16-7 (14-18) from a London County Council School. 

Table 1 shows means, standard deviations and probability levels for the 
significance of the difference between means of the physical characteristics, 
weight, height and'stem height, and measurements of vital capacity (v.C.), 
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(M.E.P.). 


The M.£.P. is measured by calibrated aneroid-type pressure gauge and is 
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forced expiratory volume (F.£.V. (1)) and maximum expiratory pressure 


the maximum static force of which the chest bellows is capable. The 


‘F.E.V. (1) is the maximum volume which can be expelled in 1 sec from 


full inspiratory position and is measured by special spirometer. Since 
resistance is defined as pressure/flow, the ratio M.z.P./F.E.v. (1) should 
give an index of total pulmonary resistance. The index M.E.P. x F.E.V. has 
not, so far as is known, been previously used: it is a measure of power 
(pressure?/resistance). 


TaB.LeE 1. Physical characteristics and lung function measurements 


Weight Height Stemht. v.c. F:E.V.(1) M.E.P./  M.E.P.x 
(kg) (em) (cm) (1.) (1.) (mm Hg)~ F.E.V.  F.E.Y. 
Swimmers (M) Mean 69-1 176-4 93-5 5-90* 485 109-0* 22-90" 534-0* 
$.D. T51 6-84 4-9 0-39 0-73 18-52 4-39 70-53 
Non-swimmers (M) Mean 61-6 168-9 83-8 4-80 4-09 75-1 1856 3089 
8.D. 11-60 8-40 25 0-65 0-54 11-90 3-32 72-40 
Difference T5 75 9-7 1-10 0-76 33-9 434 225-1 
between means 
Probability <0O-1 <005 <0001 <0001 < 002 <0001 <002 <0-001 
Swimmers (F) Mean 59-3 164-1 88-2 455 3-79 76-0 2050 285-0 
: 8.D. 6-17 6-03 45 0-49 0-42 22-89 7-50 83-50 
Non-swimmers (F) Mean 51-4 160-6 78-5 3-34 2-82 50-7 18-10 1462 
8.D. 7-00 6-30 4-7 0-49 0-50 11-20 3-36 49-50 
Difference . 19 35 9-7 1-21 0-97 25-3 240 1388 
between means 
Probability <002 <02- <0001 <0001 <0001 <0O0l <04 < 0-001 


# One 0 or two measurements were beyond the capacity of the instruments. 
All volumes given at B.T.P.s. v.c. = vital capacity; F.E.v. (1) = 1 sec forced expiratory volume; M.E.P. = 


maximum expiratory pressure. 


Mean weight, height and stem height were greater in swimmers, the 
difference in stem height being highly significant. The mean ponderal 
index reciprocal (height/weight?) was identical in the two groups. The 
V.C., F.E.V. (1), M.E.P., F.E.V. (1) x M.E.P., and M.E.P./F.E.V. (1) were higher 
in swimmers of both sexes; the differences were significant with the excep- 
tion of M.E.P./F.E.V. (1) in females. 


This work was supported by a grant from the Medical Research Council. Thanks are due 


to Mr J. Atha, lecturer at Loughborough College of Physical Education, who measured the 
weight, height and stem height of the swimmers. 


Non-uniformity of alveolar capillary diffusion in the human lung 


By A. R. Guyarr. Department of Applied Physiology, London School of 
Hygiene and Tropical Medicine, London, W.C.1 


Ogilvie, Forster, Blakemore & Morton (1957) found that the apparent 
diffusing capacity of the human lung for carbon monoxide (D,,) decreased 


are 
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slightly (about 1-6 °% sec) with increase in breath-holding time (7) from 
5 to 14sec. Jones & Meade (1960) attributed part of this decrease to error 
in the estimation of mean 7' and described an improved method. Forster, 
Fowler & Bates (1954) showed theoretically that such a change in diffusing 
capacity with 7’ indicated non-uniformity of diffusion throughout the lung. 

It has been claimed (Mittman & Burrows, 1959) that diffusion is more 
uniform at mid capacity than at full inspiration. This is unexpected, 
because it is known that ventilation is less uniform at mid capacity. 
Moreover, it has been shown (McGrath & Thomson, 1959) that in normal 


_ subjects ko, the time constant of the uptake of CO, increases when lung 


volume is reduced at constant 7’, suggesting an increase in the ratio, area 
of diffusing surface to volume of the alveoli. The index kg = Dog x total 
pressure of dry gas/volume of lung; it is proportional to D,, if lung 
volume remains constant. 

In the present investigation uniformity of pulmonary diffusion for CO 
was examined at varying lung volumes and 7’ (7-40 sec), using Ogilvie 
et al. (1957) modification of Krogh’s breath-holding method, and the 
method of timing of Jones & Meade (1960). 

In six normal subjects (5 males and 1 female) mean gradient of the 
(kop, 7’) graph for total lung capacity (T.L.c.), and 2/3, 1/2 and 1/3 vital 
capacity (v.c.), was —0-71, —3-74, —2-82 and —6-60/min respectively. 
Non-uniformity of diffusion therefore increased as lung volume was 
reduced. 

In two chronic bronchitic patients with emphysema the mean level of 
kco and the gradients of the (kop, 7’) graphs at T.L.c. and half v.c. range 
were more alike than in normal subjects and the gradients no longer 
differed significantly from zero. Possible a for these findings 
are discussed. 
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A simple method of preparing gastrin : 
By E. L. Buar, A. A. Harper, H.J. Lake, J. D. REED and 'T. SCRATCHERD. 
Department of Physiology, Medical School, King’s College, Newcastle wpon 
Tyne 1 

Since the work of Edkins (1906) various methods have been described 


for preparing from the gastric antral mucosa extracts which stimulate acid 
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secretion by the stomach (Komarov, 1942; Uvnis, 1945; Harper, 1946; 
Jorpes, Jalling & Mutt, 1952; Gregory & Tracy, 1959). Some of these 
methods are elaborate and expensive and many have the disadvantage 
that the extracts provide variable and low yields of activity per gram of 
mucosa or are insoluble. 

We have for some years been using a relatively crude although simply 
prepared, soluble, antral extract with a reliable yield, as a starting material 
for work concerned with the separation of the various gastrointestinal 
activities which it possesses. The method involves acetone precipitation of 


the type of aqueous extract described by Edkins. The mucosa is first 


minced, then homogenized in four volumes of water for 14 min, and there- 
after boiled for 10 min. After cooling it is centrifuged at 2000 g for 30 min 
and filtered first through glass-wool and then through Whatman no. 12 
fluted paper during the night, at 5° C. The clear filtrate is precipitated 
with twenty volumes of acetone and the precipitate is washed with acetone 
and ether and dried. 

The product is a fine white powder which is quite stable and has been 
kept without evidence of decrease in activity for as long as 4 years. It is 
fully soluble in water at neutral pH. Active extracts have been obtained 
from the antra of man, pig, dog and cat (mean yield from the pig = 
11-33 mg/g mucosa; S.D. + 2:51). When given by intravenous injection to 
vagotomized, splanchnotomized, anaesthetized cats over a period of 2 min, 
the yield from 0-5 g of pig antral mucosa, dissolved in 2 ml. of water or 
0-9°% saline, results in an average output of 0-671 m-equiv HCl (s.p. + 
0-327; 14 extracts assayed in 48 cats). The response to the same dose can 
be increased some three times by injecting it & slowly in 20 ml. of 0:9% 
saline over a period of 45 min. 

In addition to stimulating acid secretion these extracts result in a sus- 
tained, although small, output of pepsin. They also greatly increase \the 
output of pancreatic enzymes with relatively little or no effect on the 
volume flow of pancreatic secretion. These preparations also have a strong 
pressor effect upon the tone of the stomach and upper small intestine but 
are free from any cholecystokinin-like activity. 

In the doses that produce these responses, the extracts are without 
effect on the blood pressure. They contain approximately 0-1 yg of hist- 


amine base/mg, and injection of histamine alone in such doses does not 


produce any of the effects which have been described for the extracts. 
These effects also persist after atropinization of the assay animal. 
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Vagal baroreceptors of the bull-frog 


By 8. E. Downtne and R. W. Torrance. Laboratory of Cardiovascular 
Physiology, National Institutes of Health, Bethesda, U.S.A. 


Neil, Strom & Zotterman (1950) showed that the laryngeal nerve of 


_ Rana temporaria contains baroreceptor fibres from the pulmonocutaneous 


trunk but they did not find any baroreceptor fibres from the arterial 
side of the circulation in the main vagus nerve. Kolatat, Kramer & Miihl 
(1957) found afferents from the ventricle in this nerve. We have recorded 
the activity of seven such fibres in experiments on the much larger main 
vagus nerve of bull-frogs (Rana catesbiana, weight about 400 g) anaesthe- 
tized with pentobarbitone and with the circulation intact. The right nerve 
was dissected under paraffin. The spontaneous discharge of single fibres was 
recorded and the sites of their receptors were determined by direct mech- 
anical stimulation. Blood pressures were altered by occluding vessels or by 
infusing a dextran solution. 

Five fibres came from the base of the ventricle near its junction with 
the atrium or conus. The discharge of all of them increased when the 
ventricular pressure was raised. Discharge started before the rise of the 
aortic pulse and reached an earlier peak. At a high ventricular pressure, 
three of these fibres had a second peak to the discharge at about the end of 
ventricular systole. 

One fibre came from the conus. The resting discharge came early i in 
ventricular systole. When the pressure in the conus was high, the dis- 
charge increased and the peak rate came after the peak of the aortic pres- _ 
sure. One fibre came from the ventral surface of the aorta at its bifurcation 
and responded to the aortic pressure. Its pathway to the vagus nerve_lay 
beside the conus. 

In the main vagus nerve we have also found fibres from the atrium 
responding during atrial systole; from the mucosa of the oesophagus, the 


. stomach and the trachial bifurcation, responding to touch; and slowly- 


adapting stretch fibres from the lung. 


REFERENCES 


Kotorat, T., KRAMER, K. & Mint, N. (1957). Pfliig. Arch. ges. Physiol. 264, 127-144. 
Net, E., Strom, L. & ZorrerMan, Y. (1950). Acta physiol. scand. 20, 338-350. 


ace: 
at 
> 
‘ 
| + 
| | 


14P - PROCEEDINGS OF THE PHYSIOLOGICAL 
Sensitivity of crayfish stretch receptors to temperature changes 


By N. van Geiper* and K. Krngevid. Agricultural Research Council 
Institute of Animal Physiology, Babraham, Cambridge - 
In general, as stated by Florey (1956) the slow-adapting stretch receptor 
of the crayfish (Astacus fluviatilis) responds to warming by slowing its 
discharge and to cooling by accelerating. This effect is shown in Fig. 1. 


5 
| 


Fig. 1. Impulses recorded from stretch receptor in situ. Continuous thermistor 
trace shows a 2:3° C temperature rise produced with a lamp, from initial level of 


This might suggest that the frequency of firing of the receptor bears a 
simple relation to the temperature. In fact the relation is quite complex. 
When the preparation is warmed, there is an immediate transient slowing 
(just detectable in Fig. 1) followed by a relative or even an absolute 
acceleration. Marked slowing only becomes apparent as the temperature 
rises somewhat further. Moreover, there is a clear time dependence. If the 
temperature is maintained at the new level the receptor shows pronounced 
adaptation over several minutes, the final rate of firing being relatively 
little altered. The receptor is much more sensitive to a change in tempera- 
ture than to its absolute level. Thus a very slow rise or fall of temperature 
(over several minutes) is not reflected in any change of activity at all. 

Florey (1956) has suggested that the thermoelastic properties of the 
receptor are responsible for some of these effects. If that were so it should 
be possible to record changes in tensions during warming and cooling, 
comparable with the tension changes during stretch and release which give 

rise to similar variations in the rate of firing (Krnjevi¢ & van Gelder, 1960). 
We recorded the tension across an isolated stretch receptor while warming 
and cooling, but failed to detect any alterations. It is more likely that 
changes of temperature exert a direct action on the neuronal membrane as 
in the mammalian spindle (Lippold, Nicholls & Redfearn, 1960). The 


* Fellow of the Life Insurance Medical Research Fund. 
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relative insensitivity of this stretch receptor to the absolute level of tem- 
perature is presumably useful in the poikilothermic crayfish. 2 


a 
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Specific sensory structures in hairy skin 
By A. Ieco. Department of Physiology, University of Edinburgh 
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Electro-nystagmographic equipment for the investigation in the 
human subject of spontaneous nystagmus and certain other 
oculomotor abnormalities 3 


By C. 8. Hatiprke, J. D. Hoop and E. Trinper. Medical Research 
Council Otological Research Unit, National Hospital, Queen Square, 
London, W.C.1 


Equipment for the micro-dissection of the inner ear in small 
laboratory animals 


By L. Crrron and C. §. Hanes: Medical Research Council, Otological — 
Research Unit, National Hospital, Queen Square, London, W.C.1 


Equipment for the rapid microscopic examination of serial 
sections 

By C. 8. Hauuerkn, D. Preer and J. L. TupmMan. Medical Research 
Council Otological Research Unit, National Hospital, Queen Square, London, 
W.C.1, and Engineering Division N.I.M.R. : 


Equipment for human temporal bone microtomy 


By J. C. Brryenam and §S. J. Gray. Medical Research Council 
Otological Research Unit, National Hospital, Queen Square, London, W.C.1 © 


A transistor -stabilized low-tension supply 


By G. D. Dawson and J. R. Prrman. The Medical Research Council 
Neurological Research Unit, The National Hospital, Queen Square, London, 
W.C.1 

The power unit to be demonstrated has been designed to supply the 
heater current at 12 V for the earlier stages of valve amplifiers. When a 
valve amplifier is first connected to an accumulator it commonly draws 
5 or 10 times more than the normal running current until the valve heaters 
have warmed up. In a stabilized supply the regulating transistors must 

b 


A 
of 
| 
a 
| 
> 


18P - PROCEEDINGS OF THE PHYSIOLOGICAL 


therefore either be capable of handling this 10 times overload, which is 
usually uneconomical, or some form of overload protection must be 


provided. Fuses, or other devices which disconnect the supply, are clearly | 


unsuitable (Kemhadjian & Newell, 1959). The unit to be demonstrated 
has a very low output impedance when supplying currents up to 3A, 
but at higher currents the output impedance is arranged to rise rapidly and 
on short circuit the current limits at about 4-5 A. This prolongs the heating 
time of the valves, but not seriously, and the initially low resistance of the 
cold heaters does not harm the unit. 


>—85V 
TX 1 
T4 | 
25 V qf 
5A lr, a $40340370 
| AT sa Ter iy 
¥12 Ra $270 K 
mains 0 zits. >+65 V 


Fig. 1. Circuit of 12 V, 3 A supply. TX 1 is a 12-6 V, 5A transformer and TX 2 
a 250V, 25mA transformer. MR1 and MR2 are selenium bridge rectifiers 
rated at 15 V (R.M.S.), 4 A and 250 V (R.M.S.), 25 mA respectively. 7',—T7', are Mul- 
lard transistors type OC 71 and 7',-7’, Newmarket transistors type V 30/30P. N, 
(left) is a Mullard stabilizing tube type 150 B2 and N, (right) a Mullard reference 
tube type 85A 2. R,, the output voltage control, is a 5 kO wire-bound potentio- 
meter. R, is a length of constantan wire. (‘K’ in figure. = kQ). 


The main part of the circuit is conventional. The output voltage is con- 
trolled by the transistors 7,, 7, and 7,, in parallel, which are mounted 
directly on a heat sink of 50sq.in. (323 cm?) of 16S8.W.G. aluminium which 
is blackened and insulated from the chassis. The resistors R,, R, and R, in 
the emitter circuits of these transistors help to equalize the currents through 
them and are made from suitable lengths of enamelled copper wire wound 
on formers. The transistors 7, and 7, are current amplifiers to provide a 
low impedance source for the base currents of the regulators 7',-7,, from 
the high impedance at the collector of T;. The pair of transistors 7, and 7, 
form a difference amplifier with the common emitter load of 33 kQ taken 
to the reference line of +65 V. The output voltage is connected to the base 
of J and the reference voltage, which is derived from the —85 V line 
through 2,, is applied to the base of 7,. The voltage changes at the col- 
lector of 7, which are an amplified version of changes of the output 
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voltage with reference to the base voltage of 7;, are applied to 7; in such a 
sense that they oppose a change of output voltage. The transistor 7) plays 
_ no part in the operator of the circuit at load currents up to 3 A, as it is 
biased to cut-off by the positive potential applied to its base. When the 

output current approaches 4-5 A the voltage drop across the resistor R, 
_ exceeds the positive cut-off voltage on the bases of 7,. 7, therefore begins 
to conduct and pulls down the collector of 7,, iedacing the output voltage 
of the supply sufficiently to maintain the current at 4-5 A, at which level 
the output transistors 7-7, remain inside their safe rating. 

The output lipedence of the stabilizer at 3 A is 0-01 Q and it reduces ba 
change of mains input voltage of 10% to an output change of 0-05% 
The maximum noise and ripple on the output at full load is 1 mV. 

The power transistor 7, which is mounted on the same heat sink as 
T,-T;, is capable of driving additional regulating transistors if a greater 
current than 3 A is required. In this case the number of regulating tran- 
sistors, the size of the heat sink on which they are moanted and the capa- 
city of the reservoir capacitor C, must be increased proportionately. 
The value of R,, which controls the positive cut-off bias on the base of 7, 
should also be increased so that the limiting output current is approxi- 
mately 50° more than the normal load current required. Minor modifica- 
tions only are required for an output of 6 V. The reference voltages of 
+65 and — 85 are derived from a separate transformer and rectifier, the- 
output of which is stabilized by the neons N, and N,. They may be used as 
references for other stabilizers provided R, and R, are adjusted to keep the 
currents through the neons at the maker’s rating. In the demonstration 
the supply will be shown in conjunction with two-others providing —6 V 
and +6 V which supply power for transistorized apparatus. 


REFERENCE 
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A transistor-stabilized high-tension supply 


By G. D. Dawson and J. R. Prrman. The Medical Research Council LN euro- 
logical Research Unit, The National Hospital, Queen Square, London, W.C. 1 

This unit will supply 250 V at 200 mA for operating valve circuits. 
Because of the high efficiency of the silicon rectifiers used for the power 
supply and of the transistors which are used for the regulating elements, 
the bulk of the unit is reduced, and the heat output greatly reduced, in 
comparison with units using valve rectifiers and regulators. Two of these 
units will be demonstrated mounted on a single panel 19 in. x 5-25 in. 


(48-3 x 13-3 em) in a chassis 12 in. (30-5 cm) deep. Either the negative or 
b2 
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positive side of the output may be earthed to provide positive or negative 
supplies. | 

The circuit is basically a series stabilizer using neons N, and N, to obtain 
the reference voltage. In order to allow for changes in the rectifier output 


with load current changes, and with changes of mains voltage, the series 


elements of the regulator must be able to withstand about 100 V, nearly 
half the output voltage of the supply. To meet this requirement two easily 
available and relatively inexpensive 60 V transistors (7; and 7’) are used 
in series, so arranged that the voltage across them both is shared equally 
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Fig. 1. Circuit of 250 V, 200 mA supply. TX 1 is a 250, 0, 250 V R.M.S. 250 mA, 
transformer which should have a resistance of ¢ 202 for each half of the second- 
ary. MR 1, 2 and 3 are 250 V R.M.S. silicon rectifiers (Radiospares type REC 51). 
N, and N, are Mullard reference tubes type 85 A 2. 7’, to 7’, are transistors type 
V 60/20 IP and T, and 7, type V 60/30 P (Newmarket). R, is a 5kQ wire-wound 
potentiometer and controls the output voltage. The current meter (circle to right _ 

of F,) has a full-scale deflexion of 250 mA. 7, and 7’, are mounted on one sheet 
of 40 sq.in. (258 cm*) of aluminium which is blackened and insulated from earth. 
and 7’, and 7’, on another similar sheet. 7', and T', and 7’, and 7’, do not require 
@ heat sink and may be mounted on a tag strip. All electrolytic capacitors are 
suitable for working at 350 V. (‘K’ in figure = kQ). 


between them. For the same reason two transistors in series (7, and 7;) 
are used to compare the output voltage with the reference voltage and 
amplify the difference. The amplified difference voltage at the collector of 
T, is taken to the current amplifiers 7’, and 7, which drive the base of 
_ 1, in such a way that changes of output voltage with load current or 
input voltages are opposed. 7, and 7, provide the current amplification 
to drive the base of 7, from the two 12 kQ resistors in series which form a 
centre tap across the transistors 7, and T;,. 


The maximum voltage rating of the transistors must not be exceeded 
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even instantaneously. The circuit is so arranged that this condition is met 
both during the period immediately after switching on and in the event of 
overload or complete short circuit. Quick blowing fuses will not prevent a 
momentary voltage overload which would be sufficient to destroy the 
transistors. Protection is achieved in the following way. If the output is 
short-circuited the transistors 7, and T;, cease to conduct. The rectifier MR 3 
prevents the capacitor C, from discharging so that a current continues to 
flow into the base of T',. The high current amplification following 7’, causes 
_ acurrent of 2A or 3A to flow through 7, and T,. This current flowing through 
the 100 Q resistor R, is sufficient to reduce the voltage across 7, and 7’, 
almost to zero until the fuse F, has time to blow. The capacitors C. and C, 
prevent any rise of voltage across 7; and 7', which might occur at the instant 
of short circuiting because of limited high- g Me response of the circuit. 
When switching on, the rectifier MR 3 allows the capacitor C, to charge up 
quickly. Ifa resistor were used here instead of a rectifier it would prevent 
C, from discharging quickly on short circuit, but it would also prevent it 
charging up quickly and therefore 7’, would be cut off for a short period after 
switching on, and the voltage rating of 7, and 7, would be exceeded. 

The d.c. output resistance of the unit is + 2Q over the current range 
of 0-200 mA and peak currents of 250 mA may be drawn. The maximum 
noise and ripple on the output is 20 mV and the stabilization ratio is such 
that a 10% change i in mains — voltage produces +0-2°% change in 
output volts. 


Inhibition of muscular activity in the lightly anaesthetized cat 
induced by cortical stimulation and recorded by electromyograms 


By J. A. V. Batss and A. P. Capon*. The Medical Research Council Neuro- 
logical Research Unit, The National Hospital, Queen Square, London, W.C. 1 
Stereotaxic operations on patients with disorders of the motor system 
_ have given the opportunity to stimulate in the conscious subject the 
internal capsule, thalamus and basal ganglia, while recording the peri- 
pheral effects with electromyography. In about one quarter of 115 patients 
_ with the chronic rigidity and tremor of Parkinsonism, stimulation has 
caused a well-localized temporary cessation of muscular activity in parts 
of the contralateral limbs. Although the site of stimulation is known 
precisely in relation to the wall of the 3rd ventricle, the anatomical loca- 
tion of the electrode cannot be stated with certainty. It is, however, 
likely that it is in the internal capsule, and that the response observed 
_ is similar to that reported by a number of workers to follow stimulation of 
the motor region of the cortex in patients with this particular condition. 


* British Council Scholar on leave from Université de Bruxelles. 
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This encouraged us to re-examine in lower animals the inhibitory 
phenomenon that can be produced by cortical stimulation. Denny-Brown 
& Botterell (1948) observed that ‘melting of the posture’ in the contra- 
lateral arm of a Rhesus monkey, suspended and lightly anaesthetized 
with ether, could be provoked by stimulation of a region immediately 
forward of the precentral gyrus. We have developed a technique for — 
maintaining a cat in a state of light anaesthesia using N,O, O, and Fluo- 
thane (1.C.I.) with endotracheal intubation. If the animal is suspended in 
this state the free hanging limbs show tonic and phasic activity of various 
types although the animal is unconscious (absent cough-reflex). Electro- 
myograms from four main muscle groups in the four limbs are obtained by 
indwelling bipolar electrodes made from twisted enamelled stainless-steel 
wire (0-2 mm diam.), and recorded on sixteen ink pens. Cortical stimulation 
is performed with a 1 mm concentric electrode and the electrocortigram 
(e.co.g.) is recorded from the neighbouring cortex to detect after discharge 
or spreading depression if they should occur. Under these conditions 
stimulation of the peri-cruciate region can cause temporary localized 
cessation or diminution of muscular activity. This effect is apparently 
distinct from that related to reciprocal innervation of antagonists; it may 
be ipsilateral as well as contralateral and is not accompanied. by changes 
in the e.co.g. 
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A method for the measurement of sweat output of the human 
forearm. 


By A. H. G. Love and R. G. SHanxs. Department of Physiology, The 
Queen’s University, Belfast 


The cerebral soluble proteins of cerebral oedema 


By J. N. Commas. Department of Chemical Pathology, Institute of 
Neurology, The National Hospital, Queen Square, London, W.C.1 


Enzymic activity of normal and dystrophic muscle 


By V. Dusowrrz. Department of Chemical Pathology, Institute of Neurology, 
The National Hospital, Queen Square, London, W.C. 1 


Normal and abnormal muscle protein patterns 


By B. P. Hugues. Department of Chemical Pathology, Institute of 
Neurology, The National Hospital, Queen Square, London, W.C. 1 
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Conduction delays and the judgment of simultaneity 


By A. M. Hatirpay and Rosemary Mineay. Medical Research Council 
Neurological Research Unit, The National H — Queen Square, London, 
W.C.1 


Comparative analysis of the cerebral arterial system in laboratory 
animals and man 


By D. Tompsert and B. WYKE. Royal College of Surgeons of England, 
London, W.C.2 


_ Changes in the human retinogram during compression of the eye 


By W. A. Coss and H. B. Morton. Department of Applied Electro- 
phystology, The National Hospital, Queen Square, London, W.C.1 


. Motor and sensory conduction in the lateral popliteal nerve of 

By R. W. Giitiatt and R. G. Witxison. Department of Applied Electro- 

physiology, The National Hospital, Queen Square, London, W.C.1 - 


Some recent work on the electro-nystagmographic analysis of 
spontaneous nystagmus and other oculomotor abnormalities 


By Marearet R. Drx, C. S. Hattprke and J. D. Hoop. Medical 
Research Council Otological Research U mit, The National Hospital, Queen 
Square, London, W.C.1 


Modification of thalamic transmission by sensory stimulation 


By A. and G. D. Dawson}. Department of Physiology, University 
College London 

- Dawson, Podachin & Schatz (1959) showed that in rata, at some levels 
of trichloroethylene anaesthesia, parts of the electrical response recorded 
in the primary cortical receiving area after stimulating a forepaw may 
become enlarged if any part of the body surface has been stimulated be- 
forehand by pinching, rubbing or by trains of electrical stimuli. This 
enlargement was not accompanied by an increase in the electrical response 
in the cuneate nucleus. Thus it seems that the change was due either to 
an increase in size of the afferent volley above the cuneate nucleus, or to 
a change in state of the cortex. Transmission through the thalamus has 

* M.R.C. Scholar. 
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been studied in rats anaesthetized with urethane, by recording the electri- 
cal responses either from a mass of thalamic neurones or, extracellularly, 
from single neurones. 

During the mass response the thalamus first becomes positive with re- 
spect to other parts. This potential change has a duration of 1 msec and is 
relatively resistant to asphyxia. The second part of the response is nega- 
tive-going, is readily abolished by asphyxia and has a duration of 2-5 msec. 
Other waves may follow these two. The first wave is taken to indicate 
the arrival of the afferent volley and the second to indicate the discharge 
of post-synaptic elements. The group of cells studied responded only 


to stimuli on the contralateral body surface, and commonly only to stimu- | 


lation of one limb. If a response was obtained from both fore and hind 
limbs it was usually much greater from one than from the other. In some 
instances a response could be obtained only from stimulation of a single 
small area, and this was so for all the single neurones studied. For this 
reason it seems likely that the part of the thalamus and the single neurones 
studied were in the direct cortical sensory pathway. After conditioning 
which caused the increase in the cortical responses it was found that the 
thalamic responses became more stereotyped, the scatter in their latency 


was less and a second negative wave often appeared in the mass response. 


The latency of discharge of single neurones was decreased and became 
less scattered, and the probability that they would fire was increased. 
When the conditioning stimuli were applied to the same side of the body 
as that of the thalamus from which records were being made they did not 
fire any of these cells in the direct sensory pathway. 

Apparently the increase in the cortical response could be partly ex- 
plained by the increased transmission through the thalamus. These results 
do not exclude the possibility that the conditioning stimuli were altering 


the state of the cortex, and they do not indicate the pathways through 
which the conditioning stimuli — 


REFERENCE 
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The development of acetylcholine sensitivity in nerve ieee muscle 
segments 


By B. Katz and R. Mizep1. Department of Biophysics, U niversity College 
London | 


The sensitivity of a muscle fibre to ACh increases after denervation and 
gradually spreads from the motor end-plate over the rest of the fibre 
(Ginetsinskii & Shamarina, 1942; Axelsson & Thesleff, 1959 ; Miledi, 1960). 
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This process might be thought to originate from some chemical activity 
at the end-plate zone, and it seemed worth i inquiring therefore whether a 
severed portion of a muscle fibre which contains no nerve endings would 
be able to develop ACh sensitivity similarly to an intact fibre after 
denervation. 

Sartorii of frogs, operated under ether, were cut so that the aneural 
pelvic portion (approx. one quarter) was separated from the remainder 
of the muscle. Intracellular potential measurements were made on the 
isolated muscles at varying times after the operation, and their ACh 
sensitivity was tested by localized iontophoretic application with a micro- 
pipette. After a few days, many fibre segments showed visible signs of 
damage and had very low resting potentials all along, but there was good 
recovery in a large proportion within less than two weeks. 

The following points of interest arose: (a) The aneural segment became 
highly sensitive to ACh within about 2 weeks (20° C), much faster and more 
strikingly than is found in frog muscle after ordinary denervation. ACh 
sensitivities measured in the nerve-free segments of many fibres were not 
far below those of normal end-plate foci (cf. Miledi, 1960). (b) The increase 
in sensitivity must be attributed, at least partly, to after-effects of injury 
(and subsequent self-repair) rather than simply to removal of the nerve 
influence, for a considerable spread of ACh sensitivity also occurred 
in the innervated (and transmitting) tibial three-quarters of the muscle 
fibres. 

The experiments show: (i) that a part of the muscle fibre which is retiipte 
from the end-plate zone can independently develop a high drug sensitivity ; 
(ii) that there are ways of inducing supersensitivity (in the present case 
by muscle injury) even when the functional connexions with the motor 
nerve have been maintained. | 

A further observation made in the course of these experiments was that 
some fibres of the control muscles (undivided) showed, apart from the 
high ACh sensitivity at the end-plate focus, a detectable sensitivity local- 
ized at the muscle-tendon junction. This is possibly related to the similar 
localization of ACh esterase (Couteaux, 1953; Gerebtzoff, 1954). 
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The mitral cells of the rabbit’s olfactory bulb 


By C. G. Patties, T. P. 8. and G. M. Departments 
of Physiology and Human Anatomy, University of Oxford — 


For an understanding of transmission through the olfactory bulb, a 
knowledge of the properties of the mitral cells is of primary interest. In 
rabbits under urethane-chloralose anaesthesia, we have identified the 
mitral cells physiologically by recording, with fine extracellular micro- 

electrodes, their responses to antidromic stimulation of their axons in the 
lateral olfactory tract. 

As the micro-electrode advances from the surface of the bulb to the 
periventricular layer, while shocks are delivered to the tract, a succession 
of potential waves is recorded. Specific wave patterns have been found, 
by combined histological and experimental measurement, to be regularly 
associated with the successive layers of the bulb (Cajal, 1911). Through- 
out the bulb an early negative wave, latency about 1-5—2-5 msec and dura- 
tion about 1-5 msec, is recorded. With increasing depth its latency de- 
creases and amplitude increases. From the surface to the outer plexiform 
layer it is preceded by a small positive wave, and in the outer plexiform 
_ layer it is followed by a second negative wave. Deep to the layer of mitral 
cell bodies a large positive wave replaces the second negative wave. Thus, 
when unitary spikes are encountered, the associated waves serve as a 
guide to the layer in which the electrode tip is located. 

The majority of unit spikes with short, unvarying latency and the 
ability to follow high rates of tract stimulation—properties suggesting 
antidromic excitation—were found at or near the layer of mitral cell 
bodies. These extracellular positive-negative spikes sometimes reached 

‘giant’ size (Granit & Phillips, 1956), up to 55 mV peak-to-peak. The 
spikes usually showed a discontinuity on the positive-going upstroke, asin | 
cerebellar Purkinje cell spikes (Granit & Phillips, 1956). This initial com- 
ponent of the impulse could be fired in isolation by closely spaced (paired 
or repetitive) tract shocks, as in cortical pyramidal cells (Phillips, 1959). 
Presumably the antidromic mitral cell impulse meets two successive 
regions of excitable membrane, as in the spinal motoneurone (Brock, 
Coombs & Eccles, 1953). 

Smaller unitary responses were recorded in the outer plexiform later. 
_ Their latency was longer and was variable, but they always fired singly to 
each tract shock. They are possibly tufted cells, as this is the region in 
which their cell bodies occur. In the granular layer, deep to the layer of 
mitral cell bodies, we recorded small spikes of variable latency, some of 
' which responded repetitively to each shock. The number of impulses was 
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sometimes related to shock strength. These are probably impulses in 
granule cells or Golgi II cells, excited synaptically. The source of such 
synaptic excitation (direct or relayed) could be recurrent collaterals of 
the mitral axons or centrifugal fibres (Cajal, 1911) in the olfactory tract. 
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The immediate effects of expiratory obstruction on breathing 


E. J. M. C. J. Dickryson, 0. P. Drynick and J. B. L. 
HowE.u. Departments of Medicine, Anaesthetics and Pharmacology, and 
the Institute of Clinical Research, The Middlesex Hospital Medical School, 
London, W.1 


A ‘threshold’ load, that is, an opposition of a constant pressure, was 
added to the expiratory phase of respiration of conscious and anaesthetized 
subjects breathing in a closed spirometer circuit.. This was achieved by 
switching the expiratory gas flow path through a tube passing down into 
water in a bottle. 

The first effect of such a load was partially or completely to prevent 
expiration, depending on the opposing pressure. There was no apnoea 
and the frequency of breathing was unaffected. The first inspiration follow- 
ing the addition of the load was to an increased lung volume implying the 
development of greater tension by the inspiratory muscles. This increase 
persisted as long as the load was present and disappeared immediately it 
was removed. The speed of this response suggests a nervous reflex. 

When expiration was partially obstructed in the same way in the dog, 
inspiration was also to a greater lung volume, but this response was 
obscured by apnoea and slow breathing (the \Giesing license reflex). 
Bilateral vagotomy caused slow deep breathing and expiratory loading 
no longer caused apnoea. In most dogs expiratory loading also no longer 
caused an increased end-inspiratory lung volume. 

Rhythmic stimulation of the central ends of the cut vagi reduced the ~ 
depth of breathing. Expiratory loading then caused an increased. end- 
inspiratory lung volume with no apnoea, that is, a response like that seen in 
man. 

Evidence will be ceed that the increased force of inspiratory 
contraction caused by expiratory obstruction is due to the increased - 
elastic load the distended thorax imposes on the inspiratory muscles. 
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The mechanism may therefore be the same as that previously discussed 
(Campbell, Dickinson, Dianick & Howell, 1961). 

These experiments: (i) confirm that adult man has a weak Hering— 
Breuer reflex ; (ii) demonstrate that there is a nervous mechanism which - 
increases the end-inspiratory tension developed by the inspiratory muscles 
when expiration is obstructed ; (iii) provide another example of the rapid 
stabilization of tidal volume when the mechanical conditions of sya 


are altered. 
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Occurrence of amine oxidase in an insect, Periplaneta americana L. 


By H. BruascuKo, E. H. Cotneun and Nora Department 


of Pharmacology, University of Oxford 

Amine oxidase has been found in a number of different invertebrate 
phyla: Molluscs, Annelids and Echinoderms. The experiments to be 
described show that the enzyme occurs also in a member of the Arthropoda. 

Homogenates of different organs of the male cockroach, Periplaneta 
americana L., were prepared in 0-067m sodium phosphate buffer of pH 7-4 
and incubated with various amines at 30 °C in an atmosphere of oxygen. 

In the manometric experiments only one preparation gave significant 
oxygen uptakes; this was a homogenate of the Malpighian tubules. From 
the initial rates of oxidation the activities, expressed as pl. O,/g fresh 
tissue/hr, were: with itsoamylamine 390, with 8-phenylethylamine 416; 
with n-methyl-8-phenylethylamine 181; with tryptamine 100; with 5-HT 
the uptake of oxygen was not significant. 

These activities are of an order similar to that found. in mammalian 
liver. In some of the other tissues the presence of amine oxidase could be 
demonstrated by a sensitive qualitative test : the characteristic smell of the 
aldehydes formed in the enzymic reaction from either B-phenylethylamine 
(see Florence & Schapira, 1945) or isoamylamine. Amine oxidase was 
found in the whole head, flight muscles, gastric caeca, mid- and hind-gut 
and fat body. 

These observations are of interest in view of reports that catechol 
amines and 5-HT occur in insects (Cameron, 1953; Ostlund, 1954; Colhoun, 
1959; Jaques & Schachter, 1954). 
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Single cortical unit activity evoked by splanchnic stimulation 


By P. P. Newman. Department of Physiology, School of Medicine, Leeds 


Amassian (1951) and Downman (1951) recorded surface primary re- 
sponses in the somatosensory areas following stimulation of a splanchnic 
nerve. The present communication describes the pattern of activity evoked 
in single cortical neurones of somatosensory areas I and II in cats anaes- 
thetized with thiopental sodium (50 mg/kg) administered intraperitone- 
ally. The animals were maintained under light anaesthesia and given 
intravenous flaxedil. The left splanchnic nerve was stimulated by a pair 
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Fig. 1. (a) Single unit response to stimulation of contralateral splanchnic nerve. 
_ Upper record, positive-negative spike occurring about the peak of reversed primary 
' potential. Latency 14-9 msec. Lower record, A beta fraction of splanchnic nerve 
action potential. Time interval, upper beam 5 msec, lower beam 1 msec. (6) Three 
curves showing the effect of increasing the A beta fraction on probability (P,, 
P,, P;) that at least 1, 2 or 3 discharges occur per sweep. 


of silver electrodes and the nerve action potential recorded from a proxi- 
mal pair. Recordings from the contralateral cortex were made through 
glass micro-electrodes filled with 3m-NaCl or 3m-KCl (tip diameter 0-5- 
3°02; resistance 15—8 MQ). | 

Under light anaesthesia, the characteristic unit response to splanchnic 
stimulation was a diphasic positive-negative spike 3-5 mV in amplitude. 
In different units the mean latency ranged between 11-4 and 18-5 msec. 
The threshold of the cortical response was determined in terms of the 
fraction of A beta fibres excited. 

Increasing the stimulus strength above threshold tended to shorten the 
latency of the response...In one intensity series, when the fraction of 
A beta fibres excited was increased from 25 to 55%, the mean latency of the 
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unit response was reduced from 16-2 to 14-3 msec. In some units increasing 
the strength of stimulation above the threshold usually increased the 
number of spikes discharged. Increasing the stimulus strength generally 
increased the probability that the unit would fire at least one spike. Many 
cortical units responded with a high probability of discharge to excitation 
of the A beta group. Other units produced a discharge at a low proba- 
bility with A beta excitation alone, but could be activated with a high 
probability of discharge by stimulating in addition the A — 
groups. 
This investigation was carried out in the Department of Physiology, Albert Einstein 


College of Medicine, New York. It is a pleasure to thank Professor V. E. Amassian for much 
generous help in developing the technique and in discussing the data. 


REFERENCES 


AmasstAn, V. E. (1951). J. Neurophysiol. 14, 433-444. 
Downman, C. B. B. (1951). J. Physiol. 113, 434-441. 


The resting potential stability of frog sartorius muscle fibres — 


‘maintained at various temperatures 


By M. H. Drapsr and K. Department of Philo, University 
of Edinburgh 


The temperature dependence of the membrane stented has been 
studied for short periods of exposure to each temperature by Ling & 
Woodbury (1949) and Nastuk & Hodgkin (1950). The present experiments 
were carried out to determine the behaviour of the resting potential when 
the exposure to each test temperature was maintained for 4 hr followed by 
a return to the reference temperature (14° C) for a further 2 hr. The mean 
resting potential (R.P.) was determined from a sample of 20 fibres as pre- 
viously described (Draper, Friebel & Karzel, 1959). Paired sartorius 
muscles from Rana temporaria were used, one was maintained at 14° C 
as a control. The mean R.P. at 14° was 90:3 mV (s.z. + 0-08, 280 observa- 
tions). At 3-5° C the mean R.P. was 87:2 mV + 0:18 (n = 20) and at 25° C 
93-4 + 0-49 (n = 20). The r.P. had changed to its new value as soon as 
observations ‘could be made (6-10 min after the change), and below 20° C 
the mean R.P. remained constant for 4 hr and returned to control values 
promptly when replaced in Ringer’s solution at the reference temperature. 
At 20 ° or higher the resting potential was maintained for a progressively 
shorter time, 2 hr at 20°C and a few minutes at 38°C. Above 20° G the 
subsequent fall in R.p. was profound and irreversible. The very rapid de- 


cline in R.P. at, 38°C was associated with the onset of an irreversible 
contracture of the muscle. i 
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At temperatures of —1 to + 1° C the initial fall in r.P. was larger than ex- 
pected (84 mV) and the r.P. steadily decreased during the 4 hr, reaching 
a final value of about 77 mV. Subsequent rewarming was followed by a 
slow return to control values. Between the temperatures of 5 and 20° C 
the variation of the resting potential with the absolute temperature has a 
slope in agreement with expectations based on the Nernst equation. 
Below 5° C the slope increases and above 20° there is a maximum at 
25° C for short exposures. The maximum value shifts to lower tempera- 
tures with an increase in time of exposure and lies between 15 and 20° C 
for a 4 hr exposure. 

Action potential studies have confirmed the results obtained by Nastuk 
& Hodgkin (1950) with the addition point that the action potential dura- 
tion is very sensitive to small changes in temperature below 0° C. 
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The effects of ischaemia on nerve conduction in patients with 
carpal tunnel syndrome 


By Pamgta M. Futuerton. The Department of Applied 
National Hospital, Queen Square, London, W.C. 1 


' The carpal tunnel syndrome is caused by compression of the median 
nerve at the wrist under the flexor retinaculum, and it is characterized 
by attacks of pain and paraesthesiae in the hand occurring particularly 
at night. These fluctuating symptoms have been attributed to intermittent 
ischaemia of the nerve fibres under the flexor retinaculum. Experiments 
were undertaken to study the effects of acute ischaemia on the motor 
fibres of the median nerve. 

The median nerve was stimulated at the wrist i a brief ok which was 
supramaximal for motor fibres and the muscle response recorded from the 
thenar muscles with surface electrodes. The amplitude and the area 
of the evoked muscle action potentials were then measured from photo- 
graphic records. Ischaemia was produced by inflating a pneumatic cuff 
round the arm to above arterial pressure and maintained for periods of up 
to 30 min. 

When control experiments were performed on healthy subjects it was © 
found that ischaemia for 20 min produced no significant change in the 
muscle action potential, and that after 30 min action potential amplitude 
and area had not fallen to less than 50% of their initial value. 
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In patients with the carpal tunnel syndrome tested in the same way 
the effect of ischaemia was variable. Whereas some patients were not 
more susceptible to ischaemia than control subjects there were others 
in whom the action potential was reduced to less than 25 % of its initial 
size within 20 min. In 6 out of the 10 patients action potential area and 
amplitude had fallen to less than 50% of their initial value by the end of 
30 min. This effect of ischaemia was not due to venous congestion; nor 
was it due to a rise of threshold under the stimulating electrodes at the 
wrist, as similar results were obtained when the stimulus was applied to 
the median nerve at the elbow. 


Susceptibility to ischaemia in patients with the carpal tunnel syndrome 


did not appear to be related to the severity of the pre-existing nerve dam- 
age as judged by either the initial size or initial latency of the muscle 
action potential in response to nerve stimulation. It was, however, 
related to the severity of the patients’ spontaneous attacks of pain and 
paraesthesiae in the period immediately preceding the test. 


The membrane potential and mechanical response of smooth 
muscle cells of the rabbit colon to stimulation of the extrinsic 
sympathetic nerves 


By J. 8S. Guespre*. Rockefeller Institute, New York, U.S.A. 


The spontaneous electrical and mechanical activity of smooth-muscle 
cells of the rabbit colon and their response to stimulation of the extrinsic 
parasympathetic fibres has been previously reported (Gillespie, 1960). 
The present paper describes the response to stimulation of the extrinsic 
sympathetic nerves. The double-innervated rabbit colon preparation was 
used (Garry & Gillespie, 1955). The tension of the longitudinal muscle 
layer was recorded isometrically with an R.C.A.5734 electro-mechanical 
transducer valve and the membrane potential of single smooth-muscle 
cells recorded with an intracellular micropipette. The sympathetic nerves 
were stimulated electrically under a layer of liquid paraffin. 

The membrane potential of the smooth-muscle cells is unstable 
(Gillespie, 1961). Regular, slow waves of potential charge lasting several 
seconds are seen, the depolarization phase of which culminates in a brief 
burst of spike potentials followed by repolarization. Associated with 
each burst of spike potentials is a contraction of the longitudinal muscle. 
Stretching the preparation prolongs these periods of spike activity, and 
eventually the discharge of spike potentials becomes continuous at an 
average frequency of 1/sec. Single stimuli to the sympathetic nerves are 
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ineffective in the spontaneously active preparation. Single stimuli to the 
sympathetic nerves preceding single stimuli to the parasympathetic nerves 
by a varying interval are similarly ineffective in modifying the mechanical 
and electrical response to the latter. Repetitive stimulation at frequencies 
greater than about 10/sec produce complete mechanical inhibition. The 
membrane potential rises to the maximum observed during the slow poten- 
tial waves and remains there for the duration of stimulation; both slow 
waves and spike potentials are suppressed. There is no hyperpolarization. 
At frequencies of 10sec and less mechanical inhibition is commonly 
incomplete. Individual smooth-muscle cells continue to discharge spike 
potentials but the rate of depolarization during the slow waves is reduced 
so that the interval between spikes is prolonged. A new phenomenon 
is also seen; dissociation between mechanical and electrical activity. 
Contractions occur with no associated spike potentials and vice versa. 
In preparations stretched so as to produce a continuous discharge of spike 
potentials stimulation of the sympathetic nerves at frequencies above 
10/sec produces hyperpolarization as well as suppression of slow waves 
and spike potentials. 

A hypothesis which would excibada these results is that the smooth- 
‘muscle membrane is sensitive to mechanical deformation and is depolar- 
ized by stretch. The sympathetic transmitter stabilizes the membrane 
potential, abolishing the slow waves and the spikes arising from them and 
in the stretched (depolarized) preparation causing in addition actual 
hyperpolarization. If stabilization of the membrane interferes with the 
process of conduction between cells before it suppresses all spontaneous 
activity in individual cells, as suggested by Bozler (1940), this would ex- 
plain the dissociation of mechanical and electrical events at low frequencies 


of nerve stimulation. 
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A tachistoscopic study of visual inattention 
By M. Kinspourne and Warkineton. The National Hospital, 
Queen Square, London, W.C. 1 

Patients showing visual inattention to confrontation on bilateral simul- 
taneous stimulation were tested tachistoscopically. It was possible in 
some of them to reproduce the phenomenon under those conditions. The 
method permitted the measurement of thresholds in terms of length of 
exposure time of the stimulus; stimuli could be presented simultaneously 
or successively at various time intervals. 
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In some cases the thresholds in the intact and impaired fields of vision 
were shown to be the same. Inattention in those cases cannot be explained 
in terms of visual threshold deficits. 

Where the threshold in the impaired half field is relatively raised, 
then this was corrected for by suitable adjustment of the duration of the 
two exposure times. In some cases the phenomenon of inattention still 
persisted and was thus shown to be independent of the visual threshold 
deficit. In other cases, inattention was no longer obtained and must 
therefore have been a function of the threshold alteration. 

It was concluded that visual inattention is not a function of visual 
threshold changes, but can nevertheless be mimicked where there is a — 
relative failure in one half-field. 


The effect of successive posterior parietal lobe ablations on tactile 
shape discrimination in the monkey 


By G. Erriincrr and J. E. Katsspucx*. The Psychological Laboratory 
and Department of Neuropathology, I natitute of Neurology, The National 
Hospital, Queen Square, London, W.C.1 

A clear functional relationship has been established between the sensori- © 
motor cortex of one cerebral hemisphere and the limbs on the opposite 
side of the body. Little such information is available for the posterior 
parietal areas (formerly known as areas 5and 7). Itis, however, known that — 
one-stage bilateral ablation of these posterior parietal areas gives rise to 
a variety of disabilities in the monkey (Bates & Ettlinger, 1960). One of 
these is an impairment of tactile shape discrimination. In the present 
experiment the effect of successive unilateral posterior —— ablations 
in the monkey has been investigated. 

Thirteen animals were trained to distinguish ebresn two shapes by 
touch in the dark. The positive shape was a solid ‘L’, the negative shape 
was a ‘T’. The right hand was restrained during reining, so that the 
discrimination was learnt by palpation with the left hand of all animals. 
Kight of these animals then received successive posterior parietal ablations 
with training in between operations, The remainder received other parietal 


ablations. 


Four animals that received a left-sided (ipsilateral) posterior parietal ab- 

elation as their first lesion were little if at all impaired at tactile shape dis- 

crimination with the left hand in the dark. Four animals receiving a 

right-sided (contralateral) ablation first were moderately impaired. These 

latter four animals gave evidence of little if any additional impairment 

when they received a left-sided ablation subsequent to their first — 
* Fellow of the National Institutes of Health, U.S.A. 


ag 


SOCIETY, 17-18 FEBRUARY 1961 35 P 


lateral) lesion. The other four animals were again only moderately impaired 
(that is, no more severely than animals receiving a contralateral ablation 
as their only lesion) when they received a right-sided ablation subsequent 
to their first (ipsilateral) lesion. These findings suggest virtual independence 
of left and right posterior parietal areas for tactile discrimination. 


| REFERENCES 
Bares, J. A. V. & Erriinger, G. (1960). Arch. Neurol. Chicago, 3, 177-192. 


An investigation of the equivalence between auditory and visual 
rhythms in man 


By 8. L. CHorover* and M. The Psychological Laboratory, 
Institute of Neurology, The National Hospital, Queen Square, London, 
W.C.1 | 


In experiments designed to study possible interactions between learning 
with different sensory modalities, the results for the monkey were nega- 
tive. Thus, with solid objects, differing in shape, no evidence was found of 
interaction (either facilitation or inhibition) between visual and tactile 
learning (Ettlinger, 1960). Similarly, with another group of monkeys 
there was no interaction between a rate discrimination learned visually 
or by hearing (Burton & Ettlinger, 1960). It was therefore considered of 
interest to establish whether cross-modal interaction might take place 
in man. 

The method adopted was to examine the effect of auditory learning on 
visual learning. For this purpose normal adult subjects were taught to 
distinguish between pairs of auditory or visual temporal sequences 
produced by an apparatus previously described by Burton & Ettlinger 
(1960). Subjects were divided into three balanced groups. Those in con- 
trol group I were taught to distinguish between two visual rhythms, 
and subsequently between the same rhythms presented for hearing. Those 
in control group II first learned to distinguish between two auditory 
frequencies and were then taught to make the distinction between the 
same visual rhythms as were the subjects in group I. Subjects in the 
experimental group were given alternating trails of. auditory and visual 
rhythms. If auditory learning were to facilitate visual learning, the 
subjects in the experimental group might be expected to learn the visual 
rhythms more rapidly than the subjects in the two control groups. In 
other words, we have confined our analysis to performance on the visual 


rhythms. | 
* Fellow of thd National Foundation. 
+ Fellow of the National Multiple Sclerosis Society. 
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Under the conditions employed there was no indication that auditory 
learning had any effect on visual learning. Cross-modal interaction has 
therefore not been observed by us in man. The basis of interaction between 
differing sense modalities and the conditions under which it does or does 
not take place have yet to be established. 


REFERENCES 
Burton, D. & Erriincer, G. (1960). Nature, Lond., 186, 1071-1072. 
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Glucose consumption in man. A comparison of exogenous and 
endogenous insulin 


By V. Marks and D. Marrack. Department of Chemical Pathology, 
Institute of Neurology, The National Hospital, Queen Square, London, 
WC. 1 | 

Man in the fasting state has a steady extracellular glucose concentra- 
tion, the resultant of the processes which add new glucose molecules to 
it and those which remove them. 

The fall in blood glucose concentration in the 90 min after disturbing 
the steady state with an intravenous injection of 25 g of glucose is the 
result of equilibration and utilization. Part of this fall behaves as a first- 
order reaction, and this has been used to calculate a rate constant, the 
‘Glucose Assimilation Coefficient’, in normals and diabetics (Conard, 
Frankson, Bastenie, Kestens & Kovacs, 1953; Duncan, 1956; Heller, 
Kalant & Hoffman, 1958). The effect of insulin given intravenously with 
the glucose load on this coefficient has been considered a measure of 
‘Effective Insulin Activity’. We have observed that the coefficient is 
increased by a factor of times two or three (Heller e¢ al. 1958). 

In six out of eight cases with insulin-secreting tuniours of the pancreas 
normal coefficients have been observed, both when the blood glucose level 
immediately before the glucose injection was low and when it was in the 
normal range. This suggests that the hypoglycaemia in these patients with 
insulinoma is not due to an increased rate of glucose utilization. 
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The comparative efficiency of recognition in left.and right visual 
fields 

By Maria Wyrke*. The Psychological Laboratory, Institute of Neurology, 
The National Hospital, Queen Square, London, W.C.1 


Differences in the ability of visual recognition between the left and 
right fields of vision with brief exposures (100 msec) have been reported 
previously (Heron, 1957; Terrace, 1959). These differences were found in 
respect of the ability to recognize English words, but not with recognition 
of simple geometrical figures or of unfamiliar nonsense forms, when they 
were exposed successively in the fields of vision on the two sides of a 
centrally located fixation point. However, it has also been reported 
(Dallenbach, 1923) that when circular stimulus patches are exposed simul- 
taneously in both half-fields of vision the left side is more ‘attensive’ 
(i.e. clearer or more vivid) for right-handed observers. In order to evaluate 
the differences in visual recognition when figures are presented succes- 
sively or simultaneously in the right and left visual fields, tests of recog- 
nition of picture material were performed. 

Outline drawings of familiar objects and animals were presented briefly 
(exposure times 10-40 msec), first successively in the left and right 
fields of vision. The same diagrams were then presented simultaneously 
in the homologous halves of the two visual fields. Finally, the same sub- 
jects'were retested with the same diagrams at the same, and at shorter 
(5 msec), exposure times. The presentations of the picture material were 
made tachistoscopically. 

The results obtained with eighteen adult normal subjects indicate that 
recognition of familiar objects when viewed for brief periods is more 
efficient on the right side of the binocular visual field than on the left. 
This applies whether the pictures are presented successively or simul- 
taneously. The discrepancies in previous studies, and the possible 
explanation of the present results, are discussed. 

The suggestion is made that there are differences in acuity between 
the two sides of the binocular field, acuity normally being better on the 
right. 

REFERENCES 
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Weight changes in young men 


By J. M. Apa, T. W. Bust and O. G. Epnom. Division of Human Physio- 
logy, National Institute for Medical Research, London, N. W.3 


Body weight is one of the most frequently recorded parameters of man, 
but reliable records of daily weight changes for a period of a week or more 
are scanty. The subjects of this study were soldiers aged 173-22 years, 
whose food intake and energy expenditure were measured for periods of 
7 days. Body weight was recorded between 6-0 and 6.30 a.m., immedi- 
ately after rising from bed and after the voiding of urine. An Avery bal- 
ance was used, and the same team of two carried out all the measurements. 

Changes in weight exceeding 0-5 kg between one day and the next were 
not infrequent. In order to follow the pattern of weight change, in any 
one individual, daily weighings were continued for periods up to 7 weeks. — 
In over 1700 daily weighings, involving 64 subjects, in 30% of the occa- 
sions a weight change of 0-5 kg or more was recorded, and in one fifth of 
these the change was greater than 1-0 kg. Not only are such changes too 
large to be due to a calorie imbalance but similar changes were observed 
when the calorie balance was known, and could be shown to be quite 
inadequate to account for such a weight change. 

No relationship has been found between energy expenditure and these 
large weight changes. Weight loss followed by recovery is commoner than 
an increase with a subsequent fall. In a subsequent study the results of 
measurement of the water intake and urine output gave support to the 


conclusion that water imbalance is responsible for these large and so.far 
unpredictable 


The vascular ‘responses of rats to posterior pituitary hormones 
after cerebral decortication 


By Sypr Lioyp and Mary PicxrorD. Physiology Univer- 
sity of Edinburgh 


_ Small doses of oxytocin (25-50 m-u.) have no effect on the blood pressure 
of normal dioestrous female rats, but a pressor response was invariably 
present after decerebration, pithing or sympathetic blockade, and the 
pressor response to vasopressin was increased (Lloyd & Pickford, 1960). 
In oestrous females, where pressor responses to both oxytocin and vaso- 
pressin normally occur, these were increased or unaltered by such pro- 
cedures (Lloyd & Pickford, 1960). The present experiments were under- 
taken to determine whether the cerebral cortex was in any way concerned 
with the observed changes in response. 
Blood pressure was recorded from a group of six iniatatinns female 
rats (for methods see Lloyd, 1959), and the responses to intravenous pos- 
terior pituitary hormones tested before and after removal of the cortex. 
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In all six rats after, but not before, decortication control injections of 
0-3 ml. 0-9% NaCl solution caused some rise in blood pressure. In the 
three dioestrous females oxytocin had no effect on the blood pressure 
before decortication, and no greater effect than the control injections 
after decortication. In two oestrous rats and one in late pregnancy similar 
doses of oxytocin were pressor at all times (Fig. 1). The magnitude of the 
pressor response to vasopressin was never increased after decortication, 


1 2 3 


Fig. 1. Blood pressure responses of rats to intravenous oxytocin. A, dioestrous; 
B, oestrous. In both cases decortication between 1 and 2. In | and 3, 50 m-u. 
oxytocin; in 2, 0-3 ml. 0-9% NaCl solution. 


but in most cases was slightly less than before operation. It is concluded 
that the cerebral cortex is not concerned in the alteration of the vascular 
responses to posterior pituitary hormones seen in rats after decerebration, 
pithing, or sympathetic blockade. 
This work was financed by a grant from the United States Air Force, contract 
AF 61 (052)-272. 
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The influence of guanethidine on the — of the human 
pulmonary circulation to hypoxia 


By J. M. Bisnor, P. Harris and N. Sxern. Department of Medicine, 
University of Birmingham, Queen Elizabeth Hospital, Birmingham 

The pulmonary arterial hypertension which occurs when hypoxic gas 
mixtures are breathed is generally thought to be due to vaso-constriction. 
It has been said (Judson, Hollander & Arrowood, 1954) that hypoxia 
does not cause pulmonary hypertension in people who have had an exten- 
sive sympathectomy, but others have found that sympathectomy does not 
affect the response (Fritts, Harris, Clauss, Odell & Cournand, 1958). Hexa- 
methonium does not prevent the elevation in pulmonary arterial pressure 
(Judson, Hollander & Arrowood, 1954). 

In the present investigation, the effects of breathing 12% oxygen 
on the pulmonary circulation of six normal human subjects have been 
compared before and after producing post-ganglionic sympathetic block- 
ade with guanethidine. In each case the dose of guanethidine (10-27 mg 
intravenously) was sufficient to prevent the over-shoot in systemic arterial 
pressure which follows the Valsalva manoeuvre. 

In the absence of guanethidine, hypoxia caused the pulmonary arterial 
pressure to rise from an average of 17 to 27 mm Hg. The pulmonary wedge 
pressure was unaffected. The cardiac output increased from an average 
of 4-0 to 4-8 1./min/m?. Guanethidine itself had no consistent or substantial 
effect on the pulmonary arterial and wedge pressures or on the cardiac 
output. After guanethidine had been given, hypoxia caused the pul- 
monary arterial pressure to rise from an average of 18 to 29 mm/Hg. The 
pulmonary wedge pressure was unaffected. The cardiac output increased 
from an average of 3-8 to 4-5 1./min/m?. 

The results suggest: (1) that the effects of hypoxia on the human pul- 
monary circulation are not mediated by the sympathetic nerves; (2) that 


the sympathetic system plays no substantial role in governing the normal 


tone of the pulmonary vessels at rest. 
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Studies on central action of tubocurarine 


By W. Ferpperc and K. Fietscunaver. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


In cats anaesthetized with pentobarbitone, immobilized by flaxedil and 
artificially ventilated, tubocurarine (200-400 yg) injected into the lateral 
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cerebral ventricle produces: characteristic e.e.g. changes, pilo-erection, 
withdrawal of nictitating membranes, midriasis, and a rise in arterial 
blood pressure. Injected intracisternally it produces only a rise in blood 
pressure. All the other effects, therefore, do not require the tubocurarine 
to reach the subarachnoid space; they result from penetration into the 
walls of the cerebral ventricles. The fourth ventricle can be excluded 
because the effects occur on perfusion of tubocurarine 1/1000 from lateral 
ventricle to aqueduct. With this perfusion tubocurarine also produces 


_a@ rise in blood pressure; thus there are two central sites from which 


tubocurarine produces pressor responses. 

The characteristic e.e.g. changes recorded with epidural electrodes con-— 
sist of surface-negative high-voltage spikes with frequencies first of about 
6 and later up to 30/min. Initially each spike is a single sharp wave, later 
smaller waves appear on its descending limb. At times there are periods 
(‘episodes’) of fast synchronous high-voltage activity followed by a period 


of electrical silence. As described by Samson Wright (1955) these changes 


are more pronounced in the occipital than in the parietal and are not 
always present in the frontal lobes. | 

To elicit these e.e.g. changes the tubocurarine must act on structures 
reached from the lateral ventricle, because when perfusion, to either aque- 
duct or cisterna, was simultaneous from both lateral ventricles—from 
one with tubocurarine, from the other with artificial c.s.f—the e.e.g. 
changes occurred only on the side perfused with tubocurarine. On the 
opposite side, either no abnormal activity was recorded, or at most it was 
slight. When the concentration of tubocurarine in the third ventricle was 
reduced by doubling the rate of flow from the side perfused with artificial 
c.s.f., the tubocurarine effects on the e.e.g. were not modified. This again 
suggests that they are brought about by the tubocurarine acting from the 
lateral and not from the third ventricle. 

Pilo-erection occurred only after prolonged action of tubocurarine, 
indicating the need for its deeper penetration. At first there were rhythmic 


-waves of pilo-erection on the tail, coinciding with the large spike discharges. 


Episodes were reflected by periods of maximal sustained pilo-erection on 
tail and back. There was also an association of the abnormal electrical 
activity with other autonomic responses. On the nictitating membranes, 
sudden small retractions coincided with spike discharges, and periods of 
maximal retraction with episodes. On the pupils, episodes were reflected 
by widening of their diameters with attenuation of oscillatory movements. 
Finally, on the blood pressure, after prolonged tubocurarine action, 
cessation of episodes coincided with transient falls. 
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The contribution of the chemoreceptors to hyperpnoea induced by 
ammonium chloride 


By N. Jozts and E. New. Department of Physiology, Middlesex Hospital 
Medical School, London, W. 1 


Anitschkov (1936) reported that the hyperpnoea caused by the admini- 
stration of ammonium chloride to cats or dogs was little affected by 
chemoreceptor denervation. Winterstein & Gédkhan (1953), on the other 
hand, claimed that carotid chemoreceptor denervation abolished the 
hyperpnoeic response of dogs to ammonium chloride. 

We have re-investigated this problem in two sets of experiments per- 
formed.on anaesthetized cats: 

(1) The respiratory response to the intravenous injection of ammonium 
chloride (25 mg/kg body weight) was recorded before and after chemo- 
receptor denervation. In confirmation of the results of Anitschkov, 
chemoreceptor denervation had little effect upon the stimulation of 
breathing caused by ammonium chloride. 

(2) Chemoreceptor impulse activity in thin twigs of the sinus nerve 
was recorded simultaneously with the electromyogram of the diaphragm 
or with the efferent impulse activity in thin slips of the recurrent laryngeal 
nerve. Diaphragmatic muscle potentials and the impulse salvoes in the 
recurrent laryngeal nerve were used as an indication of respiratory motor — 
activity. The intravenous injection of ammonium chloride caused efferent 
respiratory responses which almost always preceded and invariably out- 
lasted such moderate and transient increases of chemoreceptor discharge 
as did occur. 

We conclude that such contribution that the chemoreceptors make to 
the hyperpnoea produced by ammonium chloride is of only secondary 
importance. 
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The relationship between the onset of sweating and vasodilatation 
in the skin of the forearm during body heating 


By A. H. G. Love and R. G, SHanxs. Department of Physiology, The 
Queen’s University of Belfast _ 


When a cool subject is warmed the increase in Semen skin blood flow 
is due initially to a reduction in vasoconstrictor tone, followed by an 
active vasodilatation. The latter is the result of cholinergic nervous 
activity (Roddie, Shepherd & Whelan, 1957). It is not known whether this 
aetive vasodilatation can be wholly explained by the release of bradykinin 
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from the activated sweat glands (Fox & Hilton, 1958) or whether vasodila- 
tor fibres also act directly on the blood vessels. In the present experi- 
ments, the times of onset of sweating and of active vasodilatation have 
been carefully compared, to see whether or not active vasodilatation may 
occur before or coincidentally with sweating or after its onset. 

Blood flow was measured in both forearms by venous occlusion plethys- 
mography. Sweat was removed from the skin surface by a current of 
dry oxygen passing through a capsule on the volar aspect of the right 
forearm, absorbed in silica gel and weighed. The sweat was collected for 
consecutive periods of 2 min. The subjects, initially cool, were heated 
by immersing both feet in water at 43—44° C. 

To define the time of onset of active vasodilatation the cutaneous nerves 
to the left forearm were blocked by infiltration with 3°% ethocaine hydro- 
chloride containing 0-002 % adrenaline. Active vasodilatation in the right 
forearm was considered to begin when the blood flow in it exceeded that 
in the left. Using this criterion it was found that the onset of sweating 
invariably preceded active vasodilatation. 

These findings provide no evidence for the existence of vasodilator 
nerves but do not exclude the possibility that such nerves may act on the 
blood vessels after sweating has commenced. They are compatible with 
the hypothesis that active vasodilatation is secondary to nervously induced 
sweat gland activity. 
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Comparative aspects of cerebral haemodynamics 
By B. Wrxs. Royal College of Surgeons of England, London, W.C. 2 


On the relationship between certain components of the human 
retinogram and of the occipital response to bright flashes 

By W. A. Cops and H. B. Morton. Department of Applied Electro- 
physiology, The National Hospital, Queen Square, London, W.C.1 
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Fundic pouch, gastrin effect on denervated 
(dog), 531 


G aminobutyric acid, new test 
| preparation for bio-assay of (crayfish), 1 
Gastric fistula, gastrin effect on secretion 
Gastrin, preparation and properties of 
(hog), 523 
simple method of preparing (mammal), 
11P 
Gelatin, kidney in new-born excretion of 
(calf), 139 


Giant axons, barium effect on membrane 


potentials of (cockroach), 389 


Glucose, adrenaline inhibition of intestinal — 


plain muscle and action on phosphory- 
lase activity affected by (guinea-pig), 362 
insulin effect on transport across blood- 
aqueous barrier of (rabbit), 8 
plain muscle electrical activity affected “a 
_ presence of (guinea-pig), 347 
Guanethidine, pulmonary circulation re- 
sponse to hypoxia influenced by (man); 
40P 


- Haemophilia, adrenaline action on anti- 
haemophilic globulin activity in (man), 
219 
exercise effect on antihaemophilic globulin 
in blood of patients with (man), 130 
Hair follicles, penetrability of epidermis 
and (pig), 307 


Hairy skin, specific sensory structures in 
(T), 156P 
Hand, accuracy of directing in dark (man), 
555 
H thonium, acetylcholine action on 
spleen volume and vascular resistance 
affected by (dog), 252 
adrenaline and noradrenaline output by 
adrenal glands in foetus affected by 
(sheep), 433 
Hind gut, Factor I and y- — acid 
actions on (crayfish), 2 
Histaminase, anaphylaxis release of (rat), 
211 
Histamine, anaphylaxis release of (rat), 
207 
cutaneous afferent fibres affected by (cat), 
577 
gastrin preparation free from (hog), 538 
Hyaluronic acid, diffusion of solutes and 
solvent flow affected by, 67 
Hydrocortisone, urinary electrolytes 


during recumbency affected by (man), 


415 
Hydroxytryptamine, cutaneous afferent 
fibres affected by (cat), 577 
Hypoxia, guanethidine influence on re- 
sponse of pulmonary circulation to 
(man), 40P 


Increment thresholds, cone vision defi- 
ciency and (man), 179 
dark-adaptation in photanope and (man), 
200 
Inner ear, equipment for micro-dissection 
in small animals of (T), 17P 
Insulin, comparison of exogenous and endo- 
genous (man), 36P 
glucose transport across blood-aqueous 
barrier affected by (rabbit), 8 
Intestinal movement, sympathetic nerve 
stimulation action affected by reserpine 
on (rabbit), 17 
Intestinal plain muscle, adrenaline action 
on phosphorylase activity and inhibition 
of (guinea-pig), 357 
metabolic factors affecting electrical 
activity of (guinea-pig), 344 
Isometric contraction, striation spacing 
of stretched muscle during (frog), 
155 
Isotonic contraction, striation spacing in 
stretched muscle relation to (frog), 157 


Kidney, protein permeability in new-born 
of (calf), 138 

. protein reabsorption during experimental 
proteinuria by (rat), 544 
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Lithium, plain muscle electrical activity 
affected by substitution for sodium by 
(guinea-pig), 351 


Magnesium, ad n triphosphatase acti- 
vity in red cell ghosts affected by (man), 
279 
Mechanoreceptors, dorsal horn neurones 
associated with (cat), 612 
histamine and ACh action on (cat), 583 
Membrane potentials, barium effect on 
giant axon (cockroach), 389 
Membrane resistance, anions replace- 
ment of Cl effect on Purkinje fibre 
(sheep), 383 
Menstrual fluid, smooth le stimulant 
separation in (man), 225 
Mesenteric blood flow, angiotensin, vaso- 
pressin and adrenaline actions on (cat), 
55 
Metabolic inhibitors, adrenaline action on 
intestinal plain muscle affected by 
(guinea-pig), 369 
plain muscle electrical activity affected 
by (guinea-pig), 349 
Miniature end- plate potentials, myas- 
thenia gravis effect on (man), 338 
Monosynaptic reflex, pressure-pain recep- 
tors participation in (cat), 499 
Motoneurones, accommodation in (rat, 
cat), 75 
Motor axons, accommodation in (rat, cat), 
85 
Muscle protein patterns, normal and 
abnormal (T), 22P 
Muscle spindles, « innervation of (cat), 
487 
stimulation of muscle nerve effect on 
afferent endings of (cat), 470 
Muscle twitch, spindle afferent endings 
affected by (cat), 485 
Muscular activity, cortical stimulation 
inhibition of (cat), 21. P 
Myasthenia gravis, electrophysiologic 
study‘ of neuromuscular junction in 
(man), 336 


Negative after-potential, barium effect 
on giant axon (cockroach), 400 

_Nerve-free muscle, ACh sensitivity de- 
velopment in (frog), 24P 

Neuromuscular junction, 
gravis (man), 336 

New-born, proteinuria in (calf), 136 

Nitrate, chloride efflux from skeletal muscle 
affected by (frog), 625 

Noradrenaline, adrenal gland release in 
foetus of (sheep), 424 


myasthenia 


A, 


Xxi 


Noradrenaline, reserpine action on sym- 
pathetic stimulation of intestine 
affected by (rabbit), 24 

Nystagmus, electro - nystagmographic 
equipment for investigation of (man) 
(T), 17 

recent work on electro-nystagmographic 
analysis of (T), 23P 


Olfactory bulb, mitral cells of (rabbit), 
26P 

Overventilation, distensibility reduction 
of forearm low-pressure vessels induced 

(man), 238 

Oxygen, tissue changes accompanying 
acclimatization to low atmospheric 
(rat), 604 


Parafovea, increment thresholds in rod 
monochromat at (man), 183 

Parturition, cervix mechanical properties 
during involution after (rat), 112 

Phosphorylase activity, adrenaline in- 
hibition of intestinal plain muscle and 
action on (guinea-pig), 357 

Photanope, increment thresholds in (man), — 
179 

Picrotoxin, yraminobatyrie acid action 
affected. by (crayfish), 3 

Plain muscle, dynamic elastic modulus of 
arterial wall affected by amount of 
(dog), 460 

metabolic factors affecting electrical 

activity of (guinea-pig), 344 

Popliteal nerve, motor and sensory con- 
duction in lateral (man) (T), 23P 

Post-pituitary hormones, vascular re- 
sponses after cerebral decortication to 
(rat), 38P 

Potassium, ace ac- 
tivity in red cell ghosts affected by 
(man), 277 

Potassium excretion, aldosterone and 
hydrocortisone effect during recum- 
bency on (man), 415 

Potassium glass micro-electrode, potas- 
sium activity in axon measurement by 
_ (squid), a1¢ 


Assanan 


nen hatace 


O contracture, bro- 
mide in place of Cl effect on skeletal 
muscle (frog), 36 

Pressure-pain receptors, flexion 
affected by stimulation of (cat), 498 

Pressure receptors, histamine action on 
slowly-adapting (cat), 581 

Protein, renal tubular reabsorption in 
experimental proteinuria of (rat), 
549 
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Proteinuria, new-born showing (calf), 136 
tubular reabsorption of protein in experi- 

mental (rat), 544 

Pulmonary arterial pressure, angio- 
tensin, vasopressin and adrenaline 
actions on (cat), 61 

Pulmonary artery, baroreceptors distri- 
bution and connexions in (dog), 592 

Pulmonary circulation, guanethidine in- 
fluence on response to hypoxia of (man), 
40P 

Pulmonary diffusion, immersion in water 
effect on (man) (T), 3P 

Pulmonary resistance, measurement by 
airflow interruption method. of (T), 
3P 

Purkinje fibres, chloride ions and mem- 
brane potential of (sheep), 375 


Renal blood flow, angiotensin, vasopressin 
and adrenaline actions on (cat), 53 
Reserpine, acetylcholine action on spleen 

volume and vascular resistance affected 
by (dog), 254 
sympathetic nerve stimulation action on 
intestinal movement affected by (rabbit) 
18 
Respiration, elastic loads effect on (man), 
260 
immediate effects of expiratory obstruc- 
tion on (man), 27P | 
Retinogram, eye compression and changes 
in (man) (T), 23P 
occipital response to bright flashes relation- 
_ ship to (man) (T), 43P 
Rhodopsin, dark-adaptation and regenera- 
tion of (man), 166 
dark-adaptation in subject deficient in 
cone vision and (man), 193 


- Rod monochromat, increment. thresholds 


in (man), 179 
Rumination, abomasal 
relation to (sheep), 97 


acid secretion 


Salivary gland, botulinum toxin causing 
supersensitivity of (cat), 121 
Saphenous nerve, histamine, 5-HT and 
ACh effect on (cat), 579 
Serial sections, equipment for rapid 
microscopic examination of (T), 17P 
Serum albumin, proteinuria effect on (rat) 
546 
Skeletal muscle, bromide effect on excita- 
tion-contraction coupling in (frog), 35 
chloride efflux and internal chloride con- 
centration of (frog), 624 
maximum length for contraction in 
(frog), 150 


SUBJECT INDEX 


Skeletal muscle fibre, non-uniformity of 
striation spacing in stretched (frog) 154 
resting potential stability at various 
temperatures of (frog), 30 P 
Skeletal muscle stimulation, muscle 
spindles afferent endings affected. by 
(cat), 470 
Smooth muscle stimulants, separation in 
menstrual fluid of (man), 225 


Sodium, adenosinetrip activity 
in red cell ghosts affected by (man), 
277 


Sodium excretion, aldosterone and hydro- 
cortisone effect. during recumbency on 
(man), 415 

Sodium glass micro-electrode, sodium 
activity in axon measurement by 
(squid), 314 

Splanchnic nerve stimulation, adrenaline 
and noradrenaline output by adrenal 
glands in foetus affected by (sheep), 


431 
single cortical unit activity evoked by 
(cat), 29P 


Spleen, acetylcholine action on volume and 
vascular resistance of (dog), 246 

Stiles-Crawford effect, rod monochromat 
and (man), 186 

Stomach, gastrin stimulation of acid. 
secretion by (dog, man), 531 

Stretchers, lifting and carrying. (Film), 
2P 

Stretch receptors, sensitivity to tempera- 
ture changes of (crayfish), 14 P 

Superior cervical ganglion, barium effect 
on release of ACh from (cat), 515 

Sweat, measurement of forearm output 
of (man) (T), 22P 


_ Swimmers, body size and lung function in 


normal school children and in (man), 
9P 
Sympathetic ganglion, barium effect on 
ACh release from (cat), 515 
Sympathetic nerve stimulation, reserpine 
action on intestinal movement response 
to (rabbit), 17 


- Tactile shape discrimination, successive 


posterior parietal lobe ablations effect 
on (monkey), 34P 

T-1824, renal uptake in experimental 
proteinuria of (rat), 547 

Temperature, adrenaline action on in- 
testinal plain muscle and phosphory- 
lase activity affected by (guinea-pig). 
367 

plain muscle electrical activity affected by 

changes in (guinea-pig), 345 
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SUBJECT INDEX 


Temporal bone microtomy, equipment 
for (man) (T), 17P 

Thalamus, sensory stimulation modification 
of transmission in (rat), 23P 

Thermoreceptors, histamine, 5-HT and 
ACh action on (cat), 585 

Tidal volume, elastic loads effect on (man), 
265 

Touch, eye movement accuracy in dark in 
relation to (man), 557 


Transistor - stabilized high-tension 
supply, 19P 
Transistor - stabilized low - tens 


supply, |7P 
Tri-n-butyl phosphate, pencetrat, 
hair follicles and epidermis b 
307 


(pig), 


of 


XXiti 
Tubocurarine, central action of (cat), 40P 


Urinary electrolytes, aldosterone andl 
hydrocortisone effect during reewm- 
beney on (man), 415 

Uterine cervix, mechanical properties 
during involution after parturition of 
(rat), 112 


Vagal baroreceptors, (bull-frog), 13 P 

Vasopressin, angiotensin and adrenaline 
effects on circulatory system cormpared 
with that of (cat), 49 

Visual fields, comparative efficiency of 
recognition in right and left (man), 37 P 

Visual inattention, tachistoscopic study 
of (man), 33.P 
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